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ABSTRACT 

Energy levels below 2 MeV in !2!Sb and !23Sb have been 
studied using the 122 "123sh(n,n'7) reactionse Excited 
states and the Y-ray decay of these isotopes were 
investigated and compared with previous results. Y-ray 
angular distributions have also been measured, and spins and 
Y-ray multipole mixing ratios deducede Definite spin 
assignments have been made for the 947 (9/2), 1025 (7/2), 
1036 (9/2) and 1145 (9/2) keV levels in '21Sn, and for the 
1030 (9/2) keV level in !23Sph. 

A complementary study of energy levels in 421Spb has 
also been made using the !2°Sn(p,7) reactione The results 
of this experiment are compared with those of the (nyn'Y) 
experiments 

Model calculations have been carried out using the 
intermediate coupling model. General calculations were 
undertaken for the odd mass Sb isotopes with 115 ¢€ A ¢€ 125 
and for the odd mass In isotopes with 113 ¢€ A ¢€ 123, while 
detailed model calculations of electromagnetic observables 
were done for the '42'%Sb and 1!273Sb nuclei. The model 
predictions are compared with the present and past 
experimental results, and are found to be in reasonable 


agreement with theme 
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Chapter I 


od ti 


A number of experimental studies (Ho71, Ba7l, Au72, 
Bo73, Co73, An75, Ka77, St77) have previously been carried 
out on the two naturally occuring antimony (Sb) isotopes, 
121Ssh and 423Spb. These experiments have made use of such 


reactions as the (%He,d) stripping reaction, the (t,a) 


pickup reaction, (d,d®* ) inelastic scattering, various 
coulomb excitation reactions, and (Y,y!*) resonance- 
scatteringe Despite the many experimental measurements 


made in these studies, the information available for energy 
levels above 1 MeV in these nuclei is stilt quite 
incomplete. Many of the studies noted above were selective 
in the levels they populated, and furthermore many of the 
charged particle studies exhibited poor energy resolutione 

These two factors make the correlation of results from 
different experiments difficult. As well, few measurements 


have been made of the spins of these levels. 


The Cnyn*7) reaction does not suffer from the 
difficulties mentioned abovee For incident neutron 
energies of less than 10 MeV, this reaction is not overly 
selective in the levels it populates. In addition, 
excellent energy resolution can be obtained provided the 
emitted Y-ray is detectede An earlier study of the Sb 
nuclei (Ba71) made use of this reaction to study level 


energies and Y-ray branching ratiose The recent 
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development, however, of a new experimental technique at 
the University of Alberta Nuclear Research Centre (Da76) 
makes it practical to determine level spins using this 
reactione A study was therefore undertaken of energy 
levels below 2 MeV in !42'Shbh and 123Sbp using the (n,n*7) 
reactione As well, a study of '2!Sbh using the '42°Sn(p,yY) 
reaction was carried out in order to complement the (nyn! 7) 


worke 


One of the fundamental goats of nuclear physics has 
been to understand and explain the structure of nucleie 
While it is obvious that the properties of a nucleus must 
in some way be determined by the characteristics of the 
individual nucleons which make up the nucleus, most nuclei 
contain too many nucleons to permit simple calculations 
based on the individual nucleon parameters. The problem of 
understanding nuclear structure is greatly simplified if it 
is possible to correlate the properties of many nucleons, 
and express these correlations in terms of collective 
parameters. There is, of course, considerable experimental 
evidence for the correlation of nucleon parameters in 


nuclei, and many nuclei exhibit various forms of collective 


motione 


A basic model of nuclear structure which couples the 
collective motions of many nucteons to the independent 
parameters of a few nucleons is the intermediate coupling 


modele The odd-mass Sb nuclei, with one proton outside the 
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Z= 50 closed shell, are examples of nuclei for which 
Simple intermediate coupling modet calculations can be 
attempted. In these nuclei the single-particle parameters 
of the extra-core proton are coupled to the vibrational 
structure of the doubly even tin (Sn) coree Model 
calculations of this type have been carried out in the 
present study, and a comparison made between experimental 
measurements and model predictions.e This comparison is 
useful for two reasonSe It indicates to what extent the 
various assumptions implicit in the model calculations are 
valide It also provides a convenient framework with which 
to discuss and interpret both the present and previous 


experimental resultse 
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Chapter II 
Experimental Details 
2.1 The Small-Sample Method for Studying Y-Ray Angular 
Distributions from the (nen'Y) Reaction 


A useful tool in nuclear structure studies is a 
measurement of the angular distribution of Y~rays emitted 
following a nuclear reaction (R067). Y-ray anguler 
distributions provide information about the spins of the 
nuclear levels involved in a Y-ray decay, and can also be 
used to measure the multipole mixing ratio of emitted Y- 
radiatione This mixing ratio information can be useful 
when studying other properties of the nuclear Levels, such 
as their paritiese Of course the amount of information 
obtained from an angular distribution experiment depends to 
a large extent on the nature of the nuclear reaction used 
to excite a nucleus. The (n,n*Y) reaction is particularly 
advantageous in this sort of a study because there is no 
coulomb barriere Hence this reaction can be used on 
heavier (A>100) nuclei where charged particle studies are 
cat ricult. Furthermore, since for tow incident neutron 
energies (<10 MeV) this reaction is a compound one, the 
strength with which it populates a particular nuclear level 
is dependent only = on the energy and spin of the excited 
level relative to the ground state, and not on subtler 
properties of the nuclear structuree Hence this reaction 
is not overly selective in the nuclear levels it populates, 


as are many other reactionSse 
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From an experimental point of view, however, the 
difficulties in working with neutrons are considerable. 
Nevertheless, a technique has been developed at this lab 
for measuring Y-ray angular distributions using the (n,n'7) 
reaction (Da76). For completeness, the details of this 


technique are given below. 


Fige 1 shows schematically the difference between a 
normal Y-ray angular distribution experiment and one using 
a neutron production source. In the normal experiment the 
incident charged particle beam is collimated, monoenergetic 
and of reasonably high fluxe The angular distribution is 
obtained by measuring the relative number of Y-rays enitted 
as a function of the angle of emission S&S y»y where 9 is 
measured with respect to the incident beame In an 
inelastic neutron scattering experiment, however, the 
necessity of good counting statistics requires that the 
scatterer be fairly large, and that it be placed close _ to 
the neutron production target. In this arrangement the 
flux of neutrons through the scatterer is produced by a 
nuclear reaction such as 3H(p,n)3He and is neither 
monoenergetic nor collimatede If the Y-ray yield is 
measured as a function of the angle 9, where © is measured 
relative to the incident charged particle beam, then a 
distorted Yr-ray angular distribution is obtained; a 
distribution which averages over the incident neutron 


direction, energy and fluxe As well, the distribution is 
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Normal y-ray angular distribution experiment 


TARGET 


DETECTOR 


(nsn'y) angular distribution experiment 


*y (pulsed) 


NEUTRON 
PRODUCTION TARGET 


DETECTOR 
Fig. 1 Comparison between a normal y-ray angular distribution 
experiment and one using the (n,n'y) reaction. 
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further distorted by such factors as the finite thickness 
of the neutron production target, and Y-ray absorption 


within the scatterer itself. 


In a single step Y-ray transition, a nucleus in an 
initial excited state of spin Ji and parity ' decays by 
the emission of a Y-ray with multipole mixing ratio § to a 
final state of spin Je and parity Ie. If the nucleus has 
been initially excited by the (n,n*') reaction, and if Jjiy 
Tie Jey Tg and § are known, then it is possible to 
calculate, using the Compound Nuclear Statistical Model 
(Sn66 ), the relative Y-ray yield at any angle 9 provided 
the incident neutron direction, energy and flux are givene 
For most nuclear decays of interest, Je and /Tp are knowne 
Therefore a computer program was written Can for 
particular values of Jf, Ti; and Soe integrates over all 
possible neutron directions and energies and produces a 
distorted theoretical angular distributione This programy 
called EVA (DaZ7éa), also takes into account such effects as 
neutron and Y-ray absorption within the scatterer, the 
thickness of the neutron production target, and the finite 


area of the charged particle beam spot on the neutron 


production targete 


EVA compares the distorted angutar distributions it 
generates to the experimental angular distributions using a 
standard X2 test for goodness of fite In this way definite 


values of J; and § can often be deduced. The initial state 
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parity 77; cannot normally be determined since angular 


distribution measurements are insensitive to ite 


202 The 2212 *123sp(nenty)2! 12 3sp Experiment 

The neutron scatterer consisted of a cylinder of 
natural Sb powder (57.2% 421!Spb, 42.8% 123sb) of Length 
1.59 cm and radius 0.87 cme The Sb powder had a mass of 
13-5 g and was contained in a thin-walled nylon tube. The 
cylindrical scatterer was aligned axially with the beam at 
a separation distance of 0.8 cm from the neutron production 


target. 


Neutrons with maximum energies ranging from 15 to 2-7 
MeV were produced using the 3H( pyn )3He reactione 
Excitation curves were measured for Yrrays produced in the 
2t "l23sp(n,yn*y) reaction, and maximum neutron energies 
were chosen for ethan angular distribution run so that there 
was no appreciable feeding of the levels of interest from 
higher excited statese The tritium target consisted of a 
2 OAT | mg/cm? layer of metallic erbium deposited on a 
tantalum backing with tritium absorbed in the erbium tlayer 
at a 1:1 atomic ratioe The energy spread in the neutron 


beam due to the target thickness was typically 150 keV. 


A 10 ns pulsed proton beam with a 2 MHZ repetition 
rate and average current of about Ge7 MA was provided by 
the University of Alberta Van de Graaff accelerator. 


Typical runs required an accumulated charge of 10 mC per 
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angle. Y-rays were detected in two Ge(Li) detectors placed 
about S50 cm from the scatterer, and a stationary NE213 
liquid scintillator neutron detector was used to monitor 
total neutron flux. Signals from the detectors were 
analysed and stored in an on-line computer, with signals 
from the Ge(Li) detectors being sorted both as a function 
of energy and as a function of time, measured relative toa 
Signal from a pulsed proton beam pickoff. A 1!37Cs source 
was placed close to the Ge(Li) detectors in order to 
monitor dead time and gain stability within the systeme 

The Y-ray energy spectra were calibrated using the 
573-16 + 04.613 keV and 1385-5 + 0.4 keV Y=rays from ‘'421!Sph. 

The energies of these two Y-rays were measured in the (py,7) 


experimente 


The Ge(Li) timing spectra proved to be quite useful in 
reducing neutron-induced background in the Y-ray energy 
spectrae Because the protons were pulsed, so too were the 
neutrons produced in the neutron production target and the 
Y-rays created in the scatterere After any one pulse of 
protons, the Y-rays would arrive at the Ge(Li) detectors 
ahead of the neutrons because of their higher velocitye 
Two distinct peaks could therefore be distinguished in the 
timing spectra; one due to the pulse of Y-rays and the 
other due to the pulse of neutronse By sorting to the 
energy spectra only those Signals which fell in the Y-ray 
time peak, background from neutron induced reactions within 


the Ge(Li) detectors could be significantly reduced. This 
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time-of-flight gating is illustrated in fige 2, which shows 
a typical Y-ray spectrum both with and without time-of- 


flight gating. Fige 3 outlines the electronics used during 


the experiment. 


One limit on the amount of information which could be 
obtained from these Y~ray angular distribution measurements 
was predetermined by a basic feature of angular 
distribution theory. It is well known that the anisotropy 
in a particular Y~ray angular distribution is dependent on 
the alignment of the nuclear level emitting the Y- 
radiatione An excited nuclear state will only be 
appreciably atigned by any nuclear reaction if the spin of 
the excited state is higher than the ground state spine 
Hence, since the ground state spins of 42!Sb and '23Sb are 
5/2 and 7/2 respectively, Little information wilt be 
forthcoming from Yr-ray angular distribution measurements 
for levels with spins tess than 7/2 in 121sp, and less than 


9/2 in 4238p. 


The advantage in using a natural Sb scatterer was that 
the natural Sb was readily available and inexpensive. The 
cost of separated Sb isotopes was found to be prohibitively 
highy considering that this type of experiment requires a 
sample with a mass of at least a few gramSe However, using 
a natural Sb scatterer introduced the problem that a Y-ray 
observed in the 422 °123Sp(n,n'Y) reaction cannot definitely 


be assigned to either one of the two Sb isotopes unless 
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Fig. 3a Electronics used in the '?'’'??Sb(n,n'y) experiment. 


Abbreviations used in this figure are explained in 
FiG--3oD. 


During the experiment two Ge(Li) detectors were used, 
each with its own set of electronics. 


Li 
eh) 
i 
rc 
| 
4 i} 
i 
f 
t 
= 
i) 
= 
a x 5 
7 
nm 
f P asi | 
‘ b i 
‘i 


} ’ 


ae copay 26 CTE 
OFe>, (12940! Git Sera et 


nine 


a i 


teint ade Yo gie: 
. ® 


~ A an wt 
™ it ‘ me \ 
i i Naa 
. a a 
a. oe 


Lad 


, a 
ri ‘ ~ 
eee ae 
’ add ¢ 4 7 i j 
i wre u | ' rae | agi = fi 
iy J ’ , - Pe ie A, : 
7 we *. roe tc> y 
hows : 
gira - 
} . T “ as! ra oo ' 
' } - a : - 
* \ pm q 
Fs h n ~ = a " bo 
| Ls garner“ 
foe <i 
7 | ee Ty See 
“ahs { i " 
4 o . 
i 4 . r 
i; 
. » bs 
2 ; 
| 
: ‘ 
i 
= | pak A 
a) ; a4 | 
' nre@fsc*} ah 
! 
: i af } *y i 
f € 07 
4 i \ 
G 
| 
i 1 ’ 
OF x he 
“ ue 
= i : ny : 
f ant uy “p es Pith ey a fa : 
) iy ti ~~ 
yuck? «DA: AP Gea Ser eerie 
4 f P) J 


" oul — 
ond ae 
ey ae 
7 ae . a 


i) 


7 ay - > 
i 7 Ld 


CFD--constant fraction discriminator 
Ge(Li)--lLithium drifted germanium Y-ray detector 


G & D-e-gate and delay generator 
Gene 


NE213--liquid scintiltlator neutron detector 
TAC--time to amplitude converter 
TFA--timing fitter amplifier 

Timing--timing single channel analyser 


SCA 


Fige 3b) Abbreviations used in figs Jae 
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that Yeray has already been observed in a previous worke 
Therefore, a short experiment using a thin 429Sn target and 
the 42°9Sn(p,7)42!Sb reaction was carried out to aid in the 


assignment of Yr-rayse 


23 The *2°Sn(p.ey)*2!Sp Experiment 


The target used in this experiment consisted of a 
separated Sn isotope (>98% 1429Sn) in the form of Sn0Oo2 
evaporated to a thickness of about 3.5 mg/cm? onto a Ta 
backinge A blank Ta backing was also emptoyed in order to 


observe the background spectrume 


A deCe proton beam with an energy of 34 MeV and an 
average current of 3 KA was used to bombard the targete 
This beam energy was chosen because it was the highest 
energy which could be used without crossing the threshold 
for the 42°%S5n(p,n)!29Sb reaction. Y~rays were detected in 
a Ge(Li) detector placed about 1 cm from the target at an 


angle of approximately 50° to the proton beam directione A 


Y-ray energy spectrum was accumulated in an on-line 
computere The energy spectrum was calibrated using '33Ba, 
437Cs and ©9Co Y-ray sourcese Spectra were typically 


accumulated for about 240 minutese 
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Chapter III 
e ental Results 
Jel General Results and Analysis 


Table 1 lists the Y-rays observed in the (njyn'v) 
and/or the (p,Y) experiments which have been assigned to 
either 42%4Sp or 423Sp. Errors Listed in table 1 are purely 
statistical in nature. Table 2 compares some of the 
present Y-ray measurements with the results of two previous 


experimentse 


Energy level and decay schemes could be constructed 
using the Y-ray energies listed in table 1, and with the 
help of previously published Level schemes, and Y-ray 
threshold information obtained from the (n,n'Y) experiment. 
Table 3 lists the excited states of !2!Spb and 123Spb as 
deduced in this work, and figse 4 and 5 illustrate the 
decay schemese A detailed discussion of the levels and 
their assignment is given later in the chaptere For 
comparison, figse 6 and 7 show decay schemes for 42!Sb and 


123Ssph deduced in an earlier (n,n'Y) experiment (Ba71)-. 


Tables 4 and 5 list the results of the Y-ray angular 
distribution measurementse In order to evaluate the 
angular distribution data, the alignment of the initial 
state in a particular Y-decay was calculated using the 
Compound Nuclear Statistical Model (Sn66) and the optical 
model parameters of Wilmore and Hodgson (Wi64)- The 
computer code EVA was’ used to calculate distorted 
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“Energies in brackets were 


spectrae See text for details of energy calibration. 


bin 


~ 


cases 


(nyn!? 


282-5 
374.29 
381.8 
391.3 
470.2 
542.1 
552-2 


(573.16+0.13) 


834.2 

898.1 

910.0 

940.1 

947.6 

998.7 
1021.3 
1025.1 
1030.5 
1088.8 
1100.2 
1102.4 
1107.7 
1144.9 
1176-5 
1337.8 
13855 
1406-8 
1410.2 
1425.5 


15092 
1514-6 
1519.0 
1575-5 
1590.3 
1735-9 
1810.8 


where 


Gamma Ray Energy in keV 


Y)~ 


+023 
+0.2 
t0.2 
+0.2 
+0.2 
+0.2 
£0.2 


+0.2 
£003 
+02 
40.4 
+0.3 
+0.3 
£003 
£03 
+0.3 
+0.4 
40.6 
+0¢5 
t0.4 
+0.4 
+0-5 
+025 
+0.4) 
£0.77 
+06 
+0.6 


+O0.7 
+1.2 
+0.8 
+0.7 
+1.2 
+0.7 
+07 


obscured an Sb peak, 


a 


(psy 


374.9 


40.2 


470. 40+0.13 


S73-.16+0.13 


834.1 
898.2 


+0.3 
+0.3 


(&7Ga) 


939.9 


40.3 


C7? )~ 
(6&*Zn) 


1024.8 


1102.4 


+0.2 


+0.4 


(®9Ga) 


1145.0 


+004 


(®9Ga) 


1385-5 
1407.0 
1410.2 


1437.3 
1470-8 
1473-23 
1481.8 
1508.7 


1519.4 
1575.4 
1590.5 
17365 
1811.90 


back ground 


t0.4 
+0-5 
+0.4 


£06 
+06 
£1.26 
+06 
+0.8 


£00 4 
+0.7 
+0. 6 
+00 5 
+0.6 


used to 


Combined 


282-5 
374-9 
381.8 
391.3 


£0.3 
+0.2 
t£Ole 2 
t0.2 


470.34+0.13 


542-1 
5522 


573. 1640.13 


834.2 

898.1 

910.0 

940.0 

947.6 

998.7 
1021.3 
1024.9 
1030.5 
1088-8 
1100.2 
1102.4 
1107.7 
1145.0 
1176.5 
1337.8 
1385.5 
1406.9 
1410.2 
1425-5 
1437.3 
1470-8 
1473.3 
1481.8 
1509.90 
1514.6 
1519.3 
1575.4 
1590.5 
1736.3 
1810.9 


calibrate 


contaminant 
the contaminant is Listed in brackets. 


+0.2 
t0.2 


0.2 
£0.3 
t0.2 
+0.3 
+0.3 
+0.3 
+023 
+0.2 
+0.3 
+0.4 
t0.6 
£0.4 
+0.4 
+0.4 
+0.5 
0-5 
+0.4 
+05 
+0.4 
+06 
40.6 
+0.6 
1.6 
+0.6 
£0-7 
+1.2 
+0.4 
£087 
£06 
0.5 
+06 


the 


peak 
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(ngn! VY) 


may have 


Ssee comment in chapter It} concerning this background Y-raye 


Table i 


Y-rays from !2!Sb and '°3Sb observed in the 


and (p,vY) experimentse 
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This Study 
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Gamma Ray Energy in keV 
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A comparison of Yr-ray 
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573.16+0.13 5$73-08+0.05 1 
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Lo2ze2 11060 13256 3 
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1471.3 +0.3 *1473. ee 4 
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1514.6 +1.2 526 +2 = 
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present 
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> Referenc 
Bo73, 6-R 


Table 3 


hown in brackets were observed in the 
study, but the energies quoted are from 
workSe Levels preceded by an asterix 
tativee 


es: i~Ho71, 2-An75, 3-St77, 4-Ba71l, 5- 
al4, 7=Ba66-6 


Energy levels in '!2!Sb and '42%3Sbp as 
deduced in this worke For comparisony 
Levels from previous experiments which 
appear to correspond to ones seen in 
this study are also listed. 
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Fig. 4 Energy level and decay scheme for !7!Sb as deduced in 
this work. Only those y-rays observed in the present 
study are shown. All energies are in keV. 


y-ray branching ratios are taken from Ba71, with the 
exception of the decay of the 1448 keV level for which 
the branching ratio was calculated from this work. 
Errors in these branching ratios may be as high as 20%. 


Spin assignments for the four lowest levels are from Ho71, 
while definite assignments for higher levels are from 
the present study. Tentative assignments for the 1140 
keV level are from Ba71, and the tentative assignment for 


the 1322. keY level is from: St/77. 
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Energy level and decay scheme for 123Sb as deduced 


in this work. 


Spin assignments for the four lowest levels are from Au72. 
The spin assignment for the 1030 keV level is from the 
present study, and the tentative assignment for the 1089 


keV level is from Ba71 and the present study. 


For further details see the caption of fig. 4. 
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Fig. 7 Energy level and decay scheme for !??Sb as 
deduced by Barnard et al. (Ba71). See the 
caption to fig. 6 for further details. 
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Levelt Y-Ray Ji--~s, arctan§ ~ 
Energy Energy 

(keV) (keV) ( deg) 
947 947 9/2--»>5/2+ ALLS 
910 9/2--»~7/2+t 1346) 

67( 6) 

1025 1025 T/2-—-=—5/2t 4-75 

1036 999 9/2--r7/2+ 19¢ 11) 

61( 11) 

1145 1145 9/2--——5/2+ -90.-56 
-33~.31 

60~-90 

1108 9/2-->7/2+* 6—»74 
1386 1386 1/2--=5/2+* ALLS 
3/2--=5/2+ ALLS 
5/2--—5/2+* ALLS 
7/2--—5/2+ ALLS 

9/2--~5/2+t —-90+-85 

-4—~90 


arctan’ is given 


parentheses 


been usede 


Table 4 


give 


Experimental 
12ilsp 


ratios in 


degreeSe 


numbers in 


uncertainties in degreese 
The phase convention of Rose and Brink (R067) has 


spin values 


and mixing 
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iT 
Level Y-Ray J; -—> Ip” arctan§ es 
Energy Energy 


(keV) (keV) (deg) 
1030 1030 9/ 2-1 7 /2+ iS eg 
1089 1089 3/2--~7/2+ -90+-14 
69~90 
S/2---7/2+ -89-~-9 
9/2--~7/2+ -81—»<18 
11/2--~7/2+ -89( 12) 
3¢12) 
1182 1021 1/2--»5/2+ ALLS 
3/2-—--5/2+ ALLS 
SJ 2=—5/ 25 ~90+»-56 
-2~90 
T/2-—--5/2+ AllLSd 
9/2--+5/2+ rary: 
Mele: 1337 1/3=—--7./2* o* 
3/2--—7/2+ ALLS 
5/2-->7/2+ -7>89 
7/2-——-7/2+* ALL} 
9/2--»7/2+ -90+-88 
-10+~90 
11/27-~7/2+ 19~75 


* same as in table 4. 


° The radiation was assumed to be pure octupole. 


Table 5 Experimental spin values and mixing 
ratios in !23Spb 
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theoretical angular distributions for comparison with the 
datae The uncertainties associated with the experimental 
points were purely statistical in nature. Plots of X? per 
degree of freedom (X*/df) as a function of initial state 
spin Jj; and Y-ray multipole mixing ratio § were generated, 
with values of J, ranging from Je = 3 to Je + Se 

Combinations of Jf and § for which the minima in X2(J/,§) 
fell above the 0.1% confidence Limit were rejected (En64)-. 

Values of J; and $ which were not rejected, and which have 
not been ruled out as a result of previous work, are listed 
in tables 4 and 5. The errors reported in the mixing 
ratios are calculated according to the X%:,.+1 rule (R075). 

In cases where the mixing ratio error could not be 
calculated according to this rule, a range of values is 
listed corresponding to XSR Xena < The signs of the mixing 


ratios are in accordance with the phase convention of Rose 


and Brink (R067). 


3.2 The Excited States of 121Sb 


(a) Levels at 0, 37, 507 and 573 keV 


The first four states in 12lsp have been studied 
extensively in previous works (Ho71 )-. The energy of the 
87.15 + 0802 keV “level Dbisted in tabte 3 is taken from 
Nuclear Data Sheets (Ho71)- The energy of the second 
excited state, 507-49 + 0613 keV, has been deduced from the 
470.34 keV transition to the first excited state, while the 


energy of the 573.16 + 0-13 keV level is the same as that 
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for the 573.16 keV y-ray. The 507--Y0 keV transition 
observed in previous works (Ba71,An75) was hidden in this 


study by the background 511 keV y-ray. 


These four levels have known spin-parities of 5/2*, 
7/2*+, 3/2* and 1/2+ respectively. A graph of angular 
distribution data for the S73=--"0 keV, 1/2*t--»5/2+ 
transition is shown in fige 8. For this case, of course, 
the angular distribution is expected to be isotropic apart 


‘from the distortions produced in the experiment. 


(b) Levels at 947 and 1322 keV 


An energy of 947.3 + 0.2 keV was assigned to the 
fourth excited state in !2'Sb on the basis of the 947.6 and 
910.0 keV Y-rays seen in the (nyn'Y) experiment. In the 
(p,Y) experiment, the 910 keV Y-ray was hidden by a 
‘background Y=ray from °©&?’Gae The source of a 948.8 + 0.3 
keV Y-ray visible in the target-in spectrum, but not in the 
background spectrum of the (p,Y) experiment, has not been 
identified. Howevery it does not correspond in energy to 
the 947.6 + 0-3 keV Y-ray observed in the Cnn) 


experimente 


A spin assignment of 9/2 was made for the 947 keV 
level, with arctan for the 910 keV transition equat to 
Sitiner 13° 4 6°" or 67 +6. Previous suggestions that 


this state has positive parity (Ho71,Ba71) are further 


strengthened by the fact that arctan for the 910 keV Y-ray 
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For each y-ray transition, the experimental angular 


distribution was measured a number of times. In this 

and following figures only one sample angular distribution 
is illustrated for each transition. The errors shown 

are purely statistical in nature. The smooth lines 

drawn through the data in this and following figures 

are theoretical angular distributions generated using 

the computer code EVA. 


In this figure, data is shown for the 573 + 0 keV 


transition, The theoretical calculation is fora 
1/2 + 5/2. transition with a mixing ratio 6 = 0. 
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is not consistent with zero. A 9/2°>--~7/2+, M2/E1 
transition would be expected to have a mixing ratio of 
Zeroe The value of arctan&S for the 947-->0 keV transition 
is consistent with zero, however, as would be expected for 
an M3/E2 transition. Fige 9a) shows a graph of angular 
distribution data and fige. 9b) a plot of X?2/df vs arctan§ 


for the 910 keV transition. 


Stwertka et ale (St77) have recently proposed that the 
947 keV tlevel is the band head for a AJ = 1 rotational 
bande Similar bands have been seen in other Sb nuclei 
(Ga75 )e According to Stwertka, the first excited state in 
this band decays to the band head with the emission of a 
375 keV Y-raye A 374.9 + 0.2 keV Y-ray observed during the 
present study in both the (n,n'Y) and (p,vY) spectra appears 
to correspond to the above transitione Therefore, a level 
with an energy of 1322.2 + 9-3 keV has been included in the 
present ltlevel schemee The spin-parity of this level should 
be, according to Stwertkay,y 1L/2*. Accurate angular 
distribution measurements to test this proposal could not 
be made in the present study, however, due to the overlap 


of the 375 keV Y-ray with a background 377.5 keV Yr-raye 


(c) Levelt at 1025 kev 


This tevel has a measured energy of 1024.9 +t 062 keV, 


based on its 1024-9 keV decay to the ground statee It has 


been assigned a spin of 7/254 Withea, vatue of arctanS for 
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the 1025 keV transition between 4° and 757, Positive 
parity has previously been suggested for this level (Ba71). 
A graph of angular distribution data and a plot of X2/df vs 


arctan$ are shown inp ities, VO. 


(dad) Levelt at 1036 kev 


This level was found to decay to the first excited 
state via the 998.7 kev Y-ray, and therefore has a deduced 
energy of 1035.9 t+ 0.3 keV. The 999 keV Y-ray was observed 
in the (mnygn*Y) experiment, but could not be seen in the 


(p,Y) experiment due to large background peak from ©*Zn,. 


The 1036 keV level could be assigned a definite spin 
of S/2 with possible values of arctand for the 999 keV 
transition of 19> £1 or 62 te iil. The. tact “that 
arctan § was inconsistent with zero strengthens an earlier 
suggestion that this state has positive parity (Ho71,Ba7l1). 
A graph of an experimental angular distribution and a plot 


of X2/df vs arctan are shown in fige 11. 


(e) Level at 1140 keV 


On the basis of the 1102.4 keV Y-ray observed in both 
the (n,ntyY) and (p,Y) experiments, the measured energy for 
this level is 1139-6 + 0.4 keV. In the (n,n*Y) experiment 
the 1102 keV Y-ray was part of a doublet with the 1100 keV 
Y-ray from the 1260--r160 keV transition in 123Sph, Because 


of the close proximity of these two Yrraysy, it was 
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impossible to extract peak areas with sufficient accuracy 
to permit angular distribution measurements. Spin-parities 
of 9/2* or 11/2+* have previously been suggested for this 


level (Bo73). 


(#) Level at 1145 kev 


Based on the energies of the 1145.0 and 1107-7 keV vY- 
rays, the energy of this tevel was calculated to be 
1145.0 + 0.3 keV. Although the 1145 keV Y-ray was observed 
in the (p,yY) experiment, the 1108 keV Yeray could not be 
distinguished in this experiment due to a background peak 
from &9Ga. As shown in figse 12a) and 12b), a definite 
spin assignment of 9/2 was deduced from the 1108 keV 
transition for a value of arctan between 6° and 74°42 A 
spin assignment of 11/2 was permitted at the 0.5% 
confidence Level by the 1108 keV ede angular distribution 
data, but could be rejected on the basis of the 1145 keV Y= 
ray datae Figse 12c) and 12d) show graphs of angular 


distribution data for the 1108 keV and 1145 keV 


transitionse 


Previous experiments have suggested positive parity 


for this state (Ba71,Bo73 )e 
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(g~) Level at 1386 kev 


An energy of 1385.5 + 0.4 keV was deduced for this 
level from the 1385.5 keV y-ray seen in both the (ngnt7y) 
and (p,Y) experiments. A previous paper has proposed a 
spin-parity of 3/2* for this level (Bo73). The results of 
the present study were consistent with this assignment, 
since the measured angular distribution for this transition 
was isotropice Fige i3a) shows a measured angular 
distribution fitted for a 3/2+ initial state, and fige 13b) 


a plot of X°/df vs arctanS. 


(h) Levels Above 1400 keV 


Many of the excited states above 1400 keV thave- only 
recently been proposed, and the energy tevel scheme in this 
region is still in some doubt. Barnard et ale (Ba71), ina 
study which also made use of the Cnyn* 7) reaction and 
natural Sb targets, suggested the existence of a number of 
levels above 1400 keV which had not previously been 
reported. Most of these assignments were made on the basis 
of Y~-ray energy sumS, with the uncertainties for Y-ray 
energies being about 2 keV. Since the present work 


improved on these Y-ray uncertainties, the evidence for the 


existence of many of these levels could either be 
strengthened or challenged. Unfortunately, most of the 
transitions were rather weaky and therefore angular 


distribution measurements were not possible. 
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The existence of a level with an energy of 
1407.3 + 0.2 keV was confirmed on the basis of the 1406.92 
keV Y~-ray and the 834.2 keV Y-ray observed in both the 


(nyn*Y) and (p,VY) experiments. 


A level with an energy of 1423 + 5 keV has’ been 
reported in a number of previous experiments (Ho71). 
Barnard et ale reported a level at 1427 +2 kev which 
decayed via three Y-ray branches with energies of 1427, 392 
and 282 keV. These three Y-rays were also observed ina 
recent coulomb excitation experiment, which made use of 
both natural Sb targets and isotopically enriched targets 
(An75 )-e The authors of this study noted that the 1427 keV 
Y-ray was quite weak compared to the 392 and 282 keV Y- 
raySe In the present work, however, the energies of these 
three Y-rays were no longer consistent with their 
originating from a singte tevete As well, the threshold 
for the 1425 keV Y-ray seemed to indicate that this Yr-ray 
originated from a level above 1500 keV. Therefore a level 
has been proposed with an energy of 1427.4 + 0.3 keV which 
decays to the 1035.9 and 1145-0 keV levels via the 391.3 
and 282.5 keV Y~rays respectively. The 1425 keV Yr-ray will 
be considered later during the discussion of the tevels in 


123sp. It should be noted here that these three Y-rays 


were not observed in the (p,VY) experiment. 


A level with an energy of 1446 + 5 keV has been 


observed in previous works (Ho71), but was not specified in 
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the paper by Barnard et al. Barnard did propose a level at 
1410 + 2 keV which was assumed to decay to the ground state 
via a 1410 keV Y-ray, and to the excited state at 1036 keV 
via a 375 keV Y-ray«s« However, the 375 keV Y-ray appears to 
originate, as stated earlier, from the 1322 keV level. 

Therefore, on the basis of energy sums a level with an 
energy of 1447.5 + 0.3 keV is’ proposed. This level is 
assumed to decay to the first excited state with the 
emission of a 1410.2 keV Y-ray, and to the second excited 
state with the emission of a 940.0 keV Y-rays These two Y- 
rays were observed in both the C(nygn! v7) and (p,7Y) 
experiments. It should be noted here that a possible spin- 
parity assignment of 11/27 proposed for this level (Bo73) 
is not consistent with the decay of this level to the 
second excited state, which has a known spin<parity of 


3/2*. 


Levels at 1471.3 + 0.3 and 1474.5 + 0.6 xeV were 
observed in accordance with the work of Barnard et ale, 
although the 1474 keV level appeared to be quite weakly 
populated. These level energies were assigned on the basis 
of the 898.1 keV decay of the 1471 keV level to the 573 keV 
level, and the 1437.3 keV decay of the 1474 keV level to 
the 37 keV levele Y-rays with energies of 1470.8 + 066 keV 
and 1473.3 + 1e6 keV which could correspond to ground state 
decays of these levets were observed in the (p,y) 
experimente However, either one of these Yr-rays may have 


originated from the 1509 keV  tlevel, which is discussed 
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be lowe These two Y-rays were not seen in the (n,n'VY) 
experiment, while the 1471--»1036 kev transition observed 
by Barnard was hidden by a large background peak, possibly 


from *3Na, in both the (n,n'*¥) and (p,Y) spectra. 


In his work, Barnard assigned a level with an energy 
of 1514 t+ 2 keV to !2!tSph and a level with an energy of 
1511 + 2 keV to '*3Spbe However, since the 1509.0 keV Y-ray 
was observed in this study in both the (nyn*¥) and (p,7) 
experiments, but the 1514.6 keV Y-ray was seen only in the 
(nyn*yY) experiment, the 1515 keV level has been assigned to 
123Spb while a level with an energy of 1509.0 + 0.7 keV is 
proposed for t#!Spb. The 1509 keV tevel may decay to the 
first excited state in 4*!Sb through the emission of either 


the 1470.8 keV or 1473-3 keV Y-ray mentioned above. 


Further excited states were observed at energies of 
1519.2 + 0e3 keV and 1627-7 + 0.6 keV in accordance with 
the work of Barnard et ale - The 1628 keV transition 
observed by Barnard was obscured by a background peaky 


possibly from 29Ne, in both the (n,n'Y) and (p,Y) spectrae 


A Y-ray with an energy of 1575.4 + 0.7 keV was 
observed in both the (n,n'Y) and (p,¥) experimentse Based 
on the threshold energy for observing this Y-ray in the 
(n,n*yY) experiment, this Y-ray may originate from either a 
level with an energy of 1575-4 keV decaying to the ground 
state, or a level of energy 1612.6 keV decaying to the 


first excited statee Levels at either of these energies 
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have not be observed in previous experiments. 


Levels at energies of 1736-3 + 0-5 keV and 
1810.9 + 0.6 keV were assigned on the basis of the 1736.3 
and 1810.9 keV Y-rays present in both the (nygn*yY) and (p,Y) 
spectra. Level energies of 1736 + 1 keV and 1810 + 1 keV 
have previously been reported for these levels (Bo73). The 
1736 keV level was assigned a definite spin<parity of 1/2+ 
by Nuctear Data Sheets (Ho71), but this assignment has 


Since been disputed (Bo73). 


3.3 The Excited States of !23Sb 


(a) Levels at 0, 160, 542 and 712 keV 


The first four states in '423Spb thave been studied 
extensively in the past (Au72), and have known spin- 
parities of 7/2+, 5S/2t, 3/2+ and t/2+ respectively. The 
energy of the first excited state, 160-33 +t 0.05 keV, was 
taken from a recent radioactive decay study {(Ra74). The 
energy of the second excited state was deduced to be 
542-1 + 0.2 keV based on the 542.1 and 381.8 keV 
transitions, and the energy of the third excited state was 


determined to be 712.5 + O«2 keV based on the S325 2 keV 


transitione 


An experimental angular distribution is shown in 
fig. 14 for the 542--~0 keV, 3/2*--~7/2+ transition. For 
this transition arctans was set equal to zero, as would be 


expected for an M3/E2 transitione 
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Fig. 14 A sample angular distribution for the 542 > 0 keV 
transition. The. theoretica] curve is for a 3/2 
transition with arctané = 0°. 


57) 


42 


7 Ts A ae i = aed iu ihive yf Po? ore Doe; 
ie gf Vis ii ow an hn 7 $y : F 

i) u] i } he a? dK oi sh ‘ rh yd 
oy ; 1a ie an ion 


’ x \ My as ie "i ie a i 4 
yt ee Oe as yl ve 
Ue hale ct ry i 
| é q Pape eg ve i i iy at 
ae i | es WW 4 
a ‘ f i 
5 i ayes 
; ri he ae 
: . x : yy Bh , s 
- , 4 . ¥ 
fc ‘ ; 
‘ : 3 
-, i i 4 
| | 
“ ; ; i ; nN 
s : ) 
i.e 
\ y 
I 
b 
- . na 
: a , K Lips | mae | f ape C\s 
o bay st oo, bed pene neenpandilnlcaamdearonaiarsphaie w povemn wre. ice Be iced ; 33 —~ \ 
“at | ri aed Me : ‘ Fh) indy, 
= ‘ a * el . 7 a s, if j 
pias Pat ‘| 
NEO She ans FOh ne sugterme ‘ib ‘veiugae oie ph 
| ; ae , 
: OY1\\¢ OVE eg NMe vot ay mies inet Pil Bra Fa saetie, Lovet “tae f 
7 mi a aoe iS itiw, wor te 
( : ; 
et 7 
\ 
= - , . yy 
x 
{ nh 
1 J iy 9 1 
) XW ; 
x . 
; «| 
J } é 


; i & iid Ki 

‘ ce a ian a, 
' MT; \ a ae Wy 

} , ae Te 


ee Aa the. Se 
j baa : a a 5 iti 4 
a (Oe? We are P an) 


43 


(b) Level at 1030 kev 


This levet decays to the ground state with the 
emission of a Y-ray of energy 1030.5 + 003 keV. A spin 
assignment of 9/2 thas been made for this Level, with 
arctan ranging from 9° to We. Positive parity has 
previously been assigned to this level (Au72). A graph of 
angular distribution data and a plot of X#/df vs arctan§ 


for the 1030--»>0 keV transition are shown in fige 15- 


(c) Levet at 1089 kev 


This state decays to the ground state with the 
emission of a Yr-ray of energy 1088.8 + 0.4 keV. A spin- 
parity of 11/2+ has previously been proposed for this level 
(Bo73)-. As can be seen in the plot of X?/df vs arctan$ 
shown in fige 16, the present work is consistent with this 
Spin assignment, but atso permits other spin choices. The 
value of arctan § deduced assuming this level has a spin- 
parity of 11/2+ is consistent with zero degrees, which is 
what would be expected for an 11/2+--—»7/2t, M3/E2 


transitione 


(d) Level at 1182 keV 


On the basis of the 1021-3 keV transition to the first 
excited statey this level was assigned an energy of 
1181.6 + 0-3 keV. Spin-parity assignments of T/2°or7, Bf2* 


have previously been suggested for this level (Bo73)- The 
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plot of X?/df vs arctan$ shown in fige 17 is clearly 


consistent with these and many other spin assignmentse 


(e) Level at 1260 key 


This level has been assigned an energy of 1260.5 + 06 
keV on the basis of the 1100.2 keV transition to the first 
excited statee A transition to the ground state reported 
by Barnard et ale was obscured in this work by a back ground 


peake 


Because of the close proximity of the 1100 keV vY-ray 
to the 1102 keV Y-ray, accurate angular distribution 


measurements could not be madee 


(f) Level at 1337 kev 


Based on the 1337.8 keV transition to the ground state 
and the 1176.5 keV transition to the first excited state, 
an energy of 1337-3 + 0-5 keV was deduced for this level. 
As can be seen from the plot of X?/df vs arctan§ for the 
1337 keV transition shown in fige 18, no spin assignment 


could pe made for this level. 


(g) Levels Above 1400 keV 


A 1514.6 keV Y-ray was observed in the (nyn'Y) 
experiment but not in the (p,vY) experiment, and hence a 


level with energy 1514-6 + 1.2 keV has been proposed for 
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(2 2Sbe This level is probably-ths Level observed by Barnes 
et al. (Ba66) in a (3He,d) experiment with an energy of 
1502 + 10 keV, and in a (dyd') experiment with an energy of 
1510 + 5 keV. A 1350 keV y-ray observed by Barnard (Ba71), 
corresponding to a transition from this level to the first 
excited state, was not observed in the present study due to 


the presence of a background peake 


A 1577 + 2 keV level assigned to 423Sb by Barnard was 
assigned to !2!Sp in the present work because the 1575 kev 
Y-ray through which the level decays was observed in both 
the (p,vY) and (n,yn*Y) experiments. Barnard's assignment of 
this level to 1423Sb was based on an earlier observation of 
a level at 1574 + 10 keV in a (3He,d) experiment (Ba66)-. 
However, a level at energy 1585-8 + 066 keV has been 
tentatively proposed in the present work on the basis of a 
1425.5 keV Yr-raye This Y-ray has already been mentioned in 
a discussion of the *%2!Spb resultse From threshold 
information, the 1425 keV Y-ray appeared to be coming from 
a level with an energy between 1500 and about 1700 keV. 
Only a level at energy 1586 keV decaying to the first 
excited state of 123Sb would be consistent with this 


threshold requirement, and hence this level has been 


proposede 
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Chapter IV 


Background to the Model Calculations 
4.1 odustio 
Since the even mass Sn isotopes, with Z = 50, are 


semi-closed-shell nuclei, the odd mass _ Sb isotopes, with 
Z = 51, should be particularly suited to interpretation 
using nuclear’ shell theorye There are several models 
available for carrying out this type of a calculation, but 
in general these models can be categorized as either 
microscopic or macroscopic models. The kind of model used 
in a particular problem will depend on the purpose of the 


calculatione 


Microscopic models attempt to derive the structure of 
a nucleus in terms of the nucleon-nucleon forces acting 
between the nucleons within the nucleuse Both the 
collective, coherent motion for all the nucleons, and the 
independent particle motions of individual nucleons are 
determined using a free nucleon-nucleon interaction 
Hamiltoniane A modified BCS (Bardeen, Cooper, Schrieffer) 
theory of superconductivity is often used in this type of a 
calculation (see for example Ba60, Ki63), and calculations 


of this sort have been carried out for nuclei in the Sn 


region (Ba7la)e 


Macroscopic models differ from microscopic models in 
that they treat the collective and single-particle motions 
of the nucleons separatelye No attempt is made to 
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understand the collective motion in terms of a fundamental 
nucleon-nucleon potential, but instead the coherent 
rotations or vibrations of all the nucleons are described 
phenomenologically. A popular model of this type, the 
unified model, couples the independent motion of nucleons 
in some common potential to the motion of the potential 
itself. Since the potential is generated by the nucleons 
themselves, its motion represents the collective, coherent 


motion of all the nucleons. 


From a theoretical point of view, microscopic models 
are most appealing since "it has always been the aspiration 
of nuclear theorists to derive the properties of finite 
nuc lei starting for the free nucleon-nucleon interaction" 
(Ba7l1la)e However, calculations of this sort can become 
very complicated if reaiistic interactions are used for the 
nucleon-nucleon potential. Furthermore, whereas these 
techniques can be quite useful in predicting qualitatively 
how nuclear structure wilt vary as a function of atomic 
weight over a range of isotopes, they are often not nearly 
as successful in describing the detailed quantitative 
structure of a single nucleuse Macroscopic models; on the 
other hand, are usually more successful in predicting the 
quantitative structure of individual nuclei, primarily 


because these models are to a certain extent empirical in 


forme 


In the present study the model calculations were 
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intended to illuminate the experimental results obtained in 
this and earlier works. Hence, a unified model approach 
using the intermediate coupling model was employed, since 
this model could provide good quantitative results for 
levels in the nuclei of interest. The calculations were 
reasonably straightforward, and could readily be compared 
with such experimental observables as level energies and 
spectroscopic factors, and Y-ray transition ratese Details 
of these modet calculations are given below, while the 
results of the calculations are compared with experimental 


observations in the next chapter. 


4-2 The Intermediate Coupling Model 


a) General Comments 


The intermediate coupling modet is a theoretical model 
used to describe the nuclear structure of nuclei close to 
closed shells. In its simplest form, this model couples a 
Single nucleon in various single-particle states outside a 
closed shell to the collective states of the “magic", or 
closed coree For the Sb isotopes, the Sist proton ina 
single-particle state outside the Z = 50 closed shell is 
coupled to the vibrational states of the doubly even Sn 
coree In this wayyy the energyys spiny parity and 
electromagnetic properties of nuclear states can be 
calculated, and the electromagnetic transition rates for 


transitions between various states predictede 
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A number of papers have been publisned discussing the 
odd mass Sb isotopes in terms of the intermediate coupling 
model (Se70,Va70,Va71,Va73). The present study follows 
closely the work of Vanden Berghe and Degriech (Va73), but 
makes use of the notation of Green (Gr73)e The details of 
these calculations are as follows. 

1. The vibrational core states are composed of up to three 
quadrupole phonons, up to two octupole phonons, or up to 
two quadrupole phonons coupled to one octupole phonone 

2e Both single-particle states, and two~particle-one-hole 
(2plh) states can be coupled to the core statese For 
simplicity it is assumed that, for 2plih states; the two 
particles lie in the same orbital and are coupled to spin 
Zerode This assumption wilt be justified later. The 
permitted single-particle orbitals for Sb are the 1g7/2, 
2aS/2, 2d3/2, 3si/2 and ihli1/2 states, while the permitted 


hole orbitals are the 1g9/2, 2pi/2 and 2p3/2 states. 


Detailed calculations were made for only the 424Sb and 
123Ssp nuclei, although some Limited calculations were also 
carried out for atl the odd mass Sb isotopes with 
115 ¢< A ¢ 125 and allt the odd mass In isotopes with 
Po << A << 123-6 These calculations aided in the choice of 


input parameters for the 42!Sb and l123Sp calculations. For 


the In isotope calculations, the model made use of singte- 


hole and two-hole-one-particle states rather than single- 


particle and two-particle-one~hole statese 
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A concise outline of the model formalism is’ given 


be lowe 


b) The Formalism 


It is useful to begin by introducing a convenient wave 
function notation. Following the notation of Vanden Berghe 
and Degriech (Va73), wave functions for single-particle 
states are written as 

|j (NyRagN2Ro)R 31 M D 
where Ny quadrupole phonons couple to spin Ryy No octupole 
phonons couple to spin Ray Ry and Re couple to core spin R, 
and the core spin R couples with the single-particle spin j 
to total spin I and spin projection Me The single-particle 
state |jm> is formed by coupling the particle spin 1/2 and 


orbital spin h to total particle spin je 


Wavefunctions for the 2plh terms are written as 

| ja )2Oj30N,RaN2R2)R 31 M D> 
where the core part is the same as above, but now the two 
particles in orbital j, couple to spin zero, while the core 
Spin R couples with the hote spin j3 to total syin I and 
Spin proyection Me The two particle state is coupled to 
spin zero because this state is by far the lowest in 
energy.e For two protons in the 2d5/2 = or ig7/2 orbitals 
coupled via a two-body force, the next two particle state, 


with a spin-parity of 2+, would be expected to be at least 
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one MeV higher in energy than the 0+ state!, 


These basis wavefunctions can be decomposed into their 
single-particle or 2pih terms and core terms as follows: 
lj (NgRyNoRoIR 31 MD = = CjRsmM.|IN) 
mM 
x| jm> | (Ng RyN2R2 )RMQ> 


[\Cj2 2205 30N,R{N2R2)R 3I MD = = ( jaRim3M,| 1M) 


X|jam3> |(NyRyNoRo)RM D (4-1) 


Eigenstates with an energy ESX%) can be expanded in 
terms of these basis states} 
EC“) 37 mM > 


=i 0 A<OG> (NgRENSReVR 31. MO 
RRR 
X| Jj ON, RiNoRe Re Tk M > 


+ 2 AyCC 512705 3CNiRiN2R2)R 31 M ) 
Jigga niM2 
2,2, 

X1C jn 2 O530N1RiN2R2)R 31 MD ( 4-2) 
where the Ay are expansion coefficientse The problem at 
hand is to solve the Schrodinger equation 

HpeS? 3 rem) Soe ESM: EY sau 
or < EC’ sr mIn{EC% ZT M > = ECM) (4-3) 


where H is the totat Hamiltonian. This is accomplished by 


calculating the matrix elements in the matrix <IM|H/IM> 


where 
i> = 15 (NiRaN2R20R GEM 
ec P " 
+ = 1 j1 92 0j30N1 Ri N2R2dR 37 iM > 
DY3N,Nz 
(Slee G4e4) 


and then diagonalizing this matrixe 


lisee forinstance deS74, pages 279-290; 369 
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In the intermediate coupling model, the total 
Hamiltonian for a nucleus can be expanded as 

H = He + Hsp pee OF ges (4-5) 
where He is the core Hamiltonian, Hsp is the single- 
particle or 2pih Hamiltonian, and se represents’ the 
interaction between the single-particle or 2pih state and 
the coree The Hamiltonian is designed so that He. only 
operates on the core part of the basis wavefunctions, white 
Hcp operates only on the single-particle or 2pih portions 


of these statese 


Following the notation of Green, if the nuclear 


surface vibrations are expanded as 


ox 
R(O,¢) = R,[1 + ES ap VrplOr$] RHEE) 
then 
aos ECB. ert? PEC a elice) (4-7) 


where By, is the inertial parameter and C, the surface 


stiffness. The frequency of the vibrations is 


Vo 
W)) = ©) : 
By ( 4-8) 


It is convenient to introduce the vibrator creation 


and annihilation operators 191s and Dyyys defined by the 


equations 
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+ ° 
CES Satins ) z 
(4-9) 

The collective Hamiltonian can then be rewritten as 

pepe by) hat tic). (4-10) 

Ape 

Thus 

He |( NyRyNoRo )RMg> 

= [Rw,20N,+5/2) + KwW2(N2+7/2))| CN, Ra No Ro RM > (4-11) 


The single-particle Hamiltonian Hsp is defined so that 

Hsp |jm> = €;| jm> (4-12) 
where a is the Single-particle energy corresponding to 
particle orbit je For 2plh states, 

Hsp | ja 270 jama> = (65, + 2€) - Eres 10d 0 jamz> (4-13) 
where E53, is the hole orbit energy, Ei, is the particle 
orbit energy, and Eres is the residual interaction energye 
Erey is the energy gained when the two protons in orbital 
Ji couple to spin zeroe Eres is often taken to have the 
form 

Eres = (2j1t1LIGpare ( 4-14) 


where Gpair = 27/A MeV for protons!. 


The matrix elements containing He and Hsp are 


therefore: 


lSee deS74, page 643 
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<j'CN{RLNSRS DR! 3IM|HotHsp | j (Ng RuN2Ro)R 3IM> 
i= + \ 
CRW,CN1+5/2) + RWACN2t7/29 + EV] Sy Saw? Seg’ (4-15) 

x Serre’ Ser’ $3)! 

<j 92053 Ni RiNZRS RR’ 5 IM|HetHs | ( ja )205330N,RiN2R2)R 31ND 

= (Rw,(Ni+5/2)9 + RU, (N2+7/2) + Ef, + 2E5, = Epes ] 
X bun,’ Snene! Saye! Sp. p,/ bee’ 83,4! $345; U4—16') 

and 

<j/ CNY RiNZR2 YR! $IM|Ho+Hsp | ( j1 20530 N1R1N2R2)R 3IM> = 0, 


(4-17) 


The interaction Hamiltonian, Hi,n>+ 2 Can be deduced by 
performing a Taylor expansion of a single-particle 
potential V(r,R), where R has been defined in equation 4-6, 


about a spherical potential V(r,Rg)?: 


VOryR) = ViryRo) + (R-Ro) AV] + eee ( 4*18) 
R Ro 
The second and higher order terms in this equation 


represent Hinte Hint can thus be expressed to first order 
in 2 yu as 
ba * - 
Hie, = ck(r) 2 aynYyulerg) (4-19) 
Ad 
where r, @ and ¢ are the particle coordinates, and 


Mong) = = 2 ov ( 4-20) 
sRieg, 


\ 


A first order expansion should be sufficient since the 


amplitudes of the vibrations are expected to be small 


compared to the radius of the nucleus, and hence ay u<<le 


The radial dependence, kK(r)y will depend both on the - shape 


of the potential V(r,R) and on the quantum numbers of the 
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Single-particle states. It has been shown, however, that 
k = <n*Q*]KCr)i[n & Dd is reasonably insensitive to the 


values of n, ££, n* and 2*, and can be considered to be a 


constant (Br60)-. 


Hint can be rewritten in terms of the phonon creation 


and annihilation operators (equation 9) as 
Hint 2 7S ne Rw , 
¢ Sra Pile base, nylerdemn) aml m ngeler ae 
yn (4-21) 
where X = (2\+1)'2, and the dimensionless coupling 
parameter ©, has been introduced. ©, is defined as 


E ep:- Dawa ye K 
= eae OR 


AT RW) ( 4-22) 


Using this expression the matrix elements of H,,+ can 
be calculated. After a considerable amount of Racah 
algebra, it can be shown that 


<j/CN{ RUNZRS IR’ SIM| Hint | Jd (Na RaN2R2)R 31ND 


R/+h- ; 
= Sp kW EC <styils > 
Wax 
DS 


XQ, ONLRINZRSR/NiRiN2R2R) WOR* G*RIZId), 


( 4-23) 


KC 51 )20GS5CNLRiN2R2 IR SIM! Hint | C52 * 0530 Nia RiN2R2)R 4 IM> 


27 +\,=5 

Se ee C= )AAt eT KL, Byers 9 We caste, a> 
x x 

; XQ, CNZRINZRZR/NaRiN2R2B) WOR’ J3RI35IAd» 


(4-24) 
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and 


ped 0 a ee ame : 
<j° CN, RiN2Ro R/S IM/ H+ | ja 20 530Na RiN2Ro dR > IM> 


Vg » Ve ‘r),-E 
es AW, By Cn R As <i I 53> 


/ / 
XQ ,CNLRINZRZR’NiRiN2RoR) WOR’ j/Rj331)\) 


( 4-25) 
or 
Ton yl Letina as) : 
<C ji SO G30 Ng RiN2Ro)R sIM|Hj,t | J CNyRgNo2Ro)R 3I1MD 
< VV ey) Ae Se ae 
(2) “EC ) Wi Rus See a ra ae es 
N) 
XQ .(NZRiNZRZR’/N,RiN2RoR) WOR’ JSRJ3LD); 
( 4-26) 
where W(Cabcd;ef) is a Racah coefficient, and 
Qo(N,RiNSRSR‘/Ny RiNoRoR) 
= RR SNe nd! SR Re! WC R2RoR{s3R*R,) 
/ / OL 8 R,-R,’ + 7 / 
[ <Nq Rill bollINyRa> + (-) <Ni Ry, Il b2/IN1,R1>] ( 4-27) 
Q3s(NagRyNoRoaR Ny RyN2RoR) 
R-R! 
= RR syn’ See, Cn? W(RIR,R3Z3R*R2) 
= 4 
pcp *®  cysrdiingiineRe> t <N2RallbgiiIndRs>]~ 
(4-28) 


A detailed derivation of the reduced matrix elements 
<N*R® || DT IINR> for the phonon creation operators is given by 
Green (Gr73). A List of values of <N* RI by IINRD> for all 


cases of interest in this study is given in table 6. 


Equations 4-23 through 4-26 above deal with the case 
of single-particle or two-particle-one-hole terms coupled 
to a vibrating core, as is the case for the odd mass _ Sb 


isotopes. In order to dealt with single~-hole or two-hole- 
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ROG AR RAE oe 

2 1 2 0 0 5 

2 0 1 2 2 

D 2 1 2 10 

2 4 1 2 18 

3 2 2 0 7 

3 0 2 2 3 

3 2 2 2 20/7 

3 3 2 2 15 

3 4 2 2 99/7 

3 2 2 4 36/7 

3 3 2 4 «6 

3 4 2 4 90/7 

3 6 2 4 39 
3 1 3 0 0 7 

2 0 1 3 2 

2 2 1 3 10 

D 4 1 3 18 

2 6 1 3 26 


> C<NOR UI _IINR> 22 is non-zero only if N*=Ntl. 


‘The presence of an asterisk preceding a number 
indicates that the reduced matrix element is 
given by the negative square root of that number. 


Table 6 Reduced matrix elements for the boson 
creation operatorse 
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one-particle terms which would be encountered in such 
nuctei as the odd mass In isotopes, these equations must be 
modified slightly. Equations 4-23 and 4-24 must in these 
cases be multiplied by a further phase factor of (-)>r(}+1, 
while equations 4-25 and 4-26 would be multiplied by a 


further phase of (-). 


The reduced matrix element for the spherical harmonics 


can be shown to bet 


<j Wyss > 


94 074d ] Ak (= ks d 
(4 r)i/e 


= Ylit(-) ( jd3-/20 | g2~ 2) (4-29) 


Using these equations, therfore, it is possible to 
calculate all the matrix elements in the matrix <IMj/H|IM), 
where |\IM> is defined in equation 4-4 abovee By 


diagonalizing this matrix, the energy eigenvalues EC%) and 


eigenstates |E°%2;I M > can be calculatede 
4.3 Electromagnetic Properties 


Once the energy eigenstates |E°%) s TM> are known, it 
becomes possible to calculate certain electromagnetic 
properties of the nucleus being studiede In particular, 
magnetic dipole and electric quadrupole moments, Y-ray 


branching ratios, and multipole mixing ratios can be 


calculatede 


In order to deduce these quantities it is necessary to 


lsee for example the appendix of deS63 
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solve matrix elements of the form 

< ECBsrM! | MOM1,“) | ECs T MD 
and < ECBO;r¢M*| MC E2,u) | EC*%9sr MD 
where MC M1 yf) is the magnetic dipole operator, and MCE, 4) 
is the electric quadrupole operator. These matrix elements 
will have solutions of the form 
< EGRIZsr8Me | mad | EC IST MD 
BMA nC j CNG RANERS IR! 315M’ DAXC J ON{RyNoRe DR 1 M.D 
<j/CNLRINSRZIR/GT/M’IMCADI YG ONLRiN2R2)R 3I M > 
+ 2 Agl j/ (Ni RgNoR2 IR’ 31/M’ VARCC jg 220530N,R,NoR2)R GI M ) 
<j! CNG RiNSRa DR’ 31/M | MCADIC ja 220530 N, RgN2R20R 31 M > 
FS Acl€j1 020550 N,RgNoR2 dR G/M’ Ag( J (Ny RyN2R2)R 31.M ? 
MiG 20j50N1RiNSRSIR’ gi MIRCADIG ONLRiNDR2IR 31M > 
+ S Ag (Cj, )20G45CN{RINSRSIR’GI/M’) 

X Ax CC 51 02 O0j3g0N,RgN2R2)R 51 M )D { 4-30) 

£051 205 50N{RINZRS IR! 3 I'MA CADIC G1 220 530NiRaN2kodR GI M > 
where the summations are over all primed and unprimed 
variables except [, I", M and “M°, and yA) represents 


either W(M1,4) or h( E2yU)« 


Expressions for tne magnetic dipole and electric 
quadrupole operators are deduced in appendix Ae The 


magnetic dipole operator is defined as 


Ea ae (2.)* Beppe hy Simcoe) @ 
aT 


( 4-31 ) 


where 8 denotes the nuclear magneton 
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BR = ek 
Amp © 
( 4-32) 
and Ey? es and Ep, are the g factors for the orbital, spin 


and core angular momenta respectively. 


Since QR(M1,K) is a component of an irreducible tensor 
operator, the reduced matrix elements <I mCMLII|LI > can be 
deduced rather than the matrix elements 
<E'Mt| CML, uw )| I M >e These reduced matrix elements are 
defined by the equation 

KEM RCML “DIT M > = CLOSE CLLGMAITOMY) <EMNRCMIDIIT >. 


( 4~33) 


Using Racah algebra and the single-particle and 2pih 
wavefunctions defined earlier, it can be shown that 
<j! CNT RINS RS OR’ 3L'WACM1 ONG ON2RiN2R2)R 31 > 
eeeasaly AIT Oy toa gy! Oe teen oa” 
x} Scr ge, RRe (-9 > 7  eweiersys eer) 
X[ BU R10 R1+1)]'* WOARR,R2sR'Ry) 
+BRo[ Ro( Roti) ] %WCLRR2R13R*R2) ] 
+ Seer FB! weigt! Rs5/T) 
x Leg Tl RC Rt1 YR wOAR G2 385) 
+ BES e@,V¥3/2 wot 2 5723 edd] bs ( 4-34) 
KC jf 20 G50 NL RINS RO IR’ SI WMCML DIC Ja 20530N1 RiN2R2dR 51 > 
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+Rof Ro( Ro+1))% WCLRR2RZR*R2) ] 
+ Geer 3335S W1gst/RsjJI) 
xX [e F3l L3C O3t1)2w0 1035/23 0353) 
Ee, N =33! : 
Ste Sala @sV9/2 Wik Jfeaiveda Il, (4-35) 
and 
<i/ ONL RINZRS RB! ZI OML DMC 54 2 
; my (j1)*O0j3( Ni Ri N2Ro)R 31 D> 
— Mh en ie ¢€ ( 
ae Sf 03747) bo Sins’ Spik,’ OWN 2’ Ge. Ry! See’ 00,2” 
XFJ3d* WOL§g3I"R3 tl) 
xCe, fal Qa std] wei ks st V2s 0353) 
ewes 
te(- PY 3/2 wer Ve 50,3 Vr53 9] (4-36) 
or 
<( af 920 ./ a ROR 4 fee i f a 
Ji J3(NigRiNoRo dR jl yous vil CNiRgNo2Ro)R 531 > 


A 


= ip ie I/ / ( 7) ( 7 
= (2) $7 ¢as4am) baa Sei ve Ce,” OWeNs! Seeks Sg’ Se, 
x 334 wO1gl'R3 j31) 
Ca, TiC cSt) wor 8 5s 2305) 


ae ay 
#g,¢-99 79> 9/972 WAY 53.93 W250] ( 4-37) 


The electric quadrupole operator for a nucleus with 


one extra-core proton is given in appendix A as 


‘ iy We. \ 
POON Bi) i Be (E-T OR RO Shee GD 
Vir | ue, 
Pieh a Sas ( 4-38) 


where R, is the mean radius of the nucleus and C2 is the 
surface stiffness for quadrupole vibrations. Since the 
vibrations are assumed to be small, and the equilibrium 
Shape of the nucleus is spherical, the expectation value of 


r2 can be approximated as 3/5R%- 


Since the mC E2) operator is obviously an irreducible 
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tensor operator, the reduced matrix elements <1 "|| CE2 d|/1 > 


defined by 


~ 
<EOMYACEZ “IIT M > = CLOT CI2;MulreMe) <r ACEI > 


(4-39) 


can again be used. 


Defining two constants a, and y, as 


rh, 


2 
Cp es 
ze 


W 


(4-40) 
and 


he 


Nt 


Setriazeiererpre Sear 
yi PIER 


it can be shown that 


( 4-41) 


<j CNT RINZR2 IR’ 3 TWACEZ DIG CNaRiN2R20R 31 > 
r Sra eee 
= tT: {02 SC ol 
XWC2RI*§JZRIT) Q2(NiRiNZRZR/N; RiN2RaR)] 
oh 4 N,N,’ 521 Ry’ SAY Seika! See’ 
KW(2§T"RSSEY <5! I¥2 I>] ¢ (4-42) 
KC.§1 020550 NL RiNSRSIR GIA C EZ) 51 20530 Na RiN2B2)R lho 
ee 5p 8 ary 
= Tf { [he ue 
x WC2ZRI*G33R°L) QoC Ng RiNZRZR’Ni RiN2R2R)] 
“141 Syn’ Sea! Smee’ Series’ Spe’ 


KiWCz Gj sh URS Ise) <i4ll¥2llis> I} $559 (4-43) 
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and 
<j ‘CNL RINZR2 IR! 51’ ACE DIC ja )20530N1R,NoR2)R GID 
= =" Aa TT" Sy Sees Smarr’ Skie’ Sea’ Sj%j, 
: KX WO2j3T'*RSj'I) <j’ Il Yo llg3> (4-44) 
or 
KC jd )20550N, RiNSRS RS I/WACE2DG CN1RiN2R2)R 3I > 
= ~(29 ha TE Sain, Seite Swan! Stake’ Sea’ Shi! 


XWC2GT*R3 GST) <5 3|1¥2 llu>- (4-45) 


As shown in appendix A, t he magnetic dipole moment 

aes? and electric quadrupole moment Q°%) for an eigenstate 
|ES“X%) 3%> can be expressed as follows: 

eae ak Metal pcxtiy eeecmieen 

aes Vannes 


and 


ae Nee a4 5 ANAS Ges ve Ce Si came: 
Grae eens 


( 4-47) 


In order to calculate the branching ratio for a 
particular Y-ray decay, it is necessary to calculate the 
transition probability for that transition and alt 
competing transitionse The transition probability for a 
\e“*)31 M > to level |ECPsr*Mt> via Ml 


decay from level 


and/or E2 radiation is given as (see appendix A) 
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eee Cee ae tele oe 
» 
(oe a ee ( 4-49) 
and 
B(ee , 1 __ de 465 rtaler dE jz) 1" esos 
ile St a) WP a 


The mixing ratio for an E2/M1 transition between these 


two levels is deduced in appendix A to be 


Bhs SUPRSE cn of eMart | EWE “Ns ce 


Joo ke Ce) ra ee gee 


where the sign of § is consistent with the phase convention 


of Rose and Brink (R067). 
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Chapter V 


Discussion of Model Calculations and Experimental Results 
Sel Input Parameters for Model Calculations 


In order to carry out the model calculations described 
in the previous chapter, two computer programs have been 
writtene CUPPLE3 is a program designed to carry out 
intermediate coupling model calculations and hence to 
generate energy eigenvectors and eigenvalues. MOMENT is a 
program designed to calculate the electromagnetic 
observables described in chapter IV using as input the 
energy eigenvectors generated by CUPPLE3. The computing 


details of these two programs are given in appendix Be 


a) The CUPPLES Calculations 


Input parameters to CUPPLE3 include the quadrupole and 
oectupole phonon energies (We and King dy = the coupling 
strength parameters (E2 and Sas the particle and hote 
orbital energies (¢€) and €j,), the pairing energy (Gpaic ), 
and a maximum energy cutoff which excludes from _ the 
calculations any basis states whose unperterbed energies 
are above the cutoff. Certain of these parameters were 
fixed throughout the calculations. An upper energy cutoff 
of 5 MeV was used for most of the catculationsy, since only 


states below 2 NeV were being considerede in” a tiew 


instances, for reasons which will be explained later, a 


higher cutoff was usede Gpac was set equal to 27/A MeV, 
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70 
as explained in chapter IV, and KWo. and KwW3 were assumed to 
be equal to the energies of the lowest 2* and 3- states 


respectively in the appropriate even mass Sn nucleuse 


2 and ©3 were also predetermined by considering 
experimental data taken from the even mass Sn nuclei. The 
reduced matrix element B(E)A)f for exciting a one phonon 


state in an even mass Sn nucleus can be expressed as! 


cen @ Ce zeeR aah is Ze. Re 
ples YIT 


a» 


ss 


> 
T ( Kus Ss % Ze ke | 
i “7T 
(5-!) 
where the definition of =, given in chapter IV, equation 4- 


22, has been usede Thus 


ie SA ae -) 
See ment ka (2 Ze ke») 


iT KW) \4r oe 


Using a value of k = 40 MeV CBr6é0) and experimentally 
measured B( EA) values, it was possible to calculate the 5 
values. Values of ®wW, and &, determined from the Sn nuclei 
are Listed in table 7. For reasons which wilt be discussed 
shertly, the calculated =o values were in fact varied to a 


certain extent during the CUPPLE3 calculationse 


The particle and hole orbital energies, S} and Sy ye 
were variable during the CUPPLE3 calculations, and were 
adjusted to obtain a "best" fit between the model 
calculations and experimental resultse For this 
types of experimental observables were 
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lsee for example deS74, page 476 
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Sn Expe \ AW, BCEA)4 
Isotope Ref. (MeV) (e2p+) > Calculated a Used in 
from B(EA)4°5  CUPPLE3 
calculations 


114 1,3 2 1.300 0.25(5) Jet 1.5 
3 24275 0.16( 6) 1632.0 1.7 

116 1,2, 2 1.294 0.216(5) 2.0 1.6 
118 1,2, Ze 2623000621605) QeAl 1.7 
5 9 2-310 0.17(7) 12-3—2.0 i ete: 

120 26 Z 1.171 0.203(4) 2e1 1.8 
3 2-400 0.11¢(1) 1.2~1.3 1.3 

122 1,2, 2 12.140 0.196(4 ) 21 1.8 
y 3 22492 0.13(2) ie2—~1.4 1e3 

124 1,2, P) 12.131 0.161(4) 1.9 1.8 
8 3 2-612 0.20(8) 1.2~1.8 1.5 


PReferences: 1-A164, 2-St70, 3-Ki75, 4-Ca75,; 5S~Ca76, 6- 
Kado ,8—-Be724. 8-Be 73% 7 


The uncertainties in the B(E)4 values are given in 


parenthesese 


“Due to the large relative errors in the BCE3)A valueS, a 
range of §3 values is given for each isotope. 


Table 7 Coupling strength parameters Ey, deduced from 
experimental B(EA)* values compared with strength 
parameters used in the CUPPLE3 calculations. 
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us ede Experimental level energies for the Lowest states of 
each spin were compared with the energy eigenvalues 
generated during the model calculations. As well, 
experimentally measured spectroscopic factors could be 
compared with spectroscopic factors calculated using the 


model deduced eigenvectors. 


Spectroscopic factors for a proton stripping reaction, 
such as the (73He,d) reaction, on an even mass Sn target are 
given by (Va73) 
soo? = |Ax(j00000 903; 5)|2 { 5-3) 
where the A, coefficients are as defined in equation 4-2 of 
chapter IVe These spectroscopic factors are normalized so 


that 


ZaS 6S like: ts { 5-4) 
x & 


Spectroscepic factors for a proton pickup reaction, 
such as the (tya@) reaction, on the even mass Te nuctei are 
calculated in one of two ways depending on whether a proton 
is picked up from above or below the Z = 50 closed shell. 
The ground state of an even mass Te nucleus is assumed to 
have a zero phonon core coupled to two protons resting in 
any one of the single-particle states above the z= 50 
closed shelle The two protons are assumed to be coupled to 


spin zeroe The Te ground state wavefunction can therefore 


be written as (Co73) 


[EC3S2 s0t> = EBC J)20( 0000 9050 9/( 5 920(0000)050> (5-5) 
d 


where the B coefficients are similar to the Ay coefficients 
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mentioned above, The sum over j is over all the single- 


proton levels above the Z = 50 closed shell. In a pickup 
reaction, if the proton is picked up from a level above the 
closed shell, then (Va73) 

ie = 2/BCC § 220000009030) Axl j(0000 034) |2. (5-6) 
This spectroscopic factor is normalized so that 

ESAS = 26 (5-7) 
If the proton is picked up from below the closed shell, 
then (Va73) 

Sed = (2j+1) HpE SS UAELEOLIDOE LG 

A (0 J*)20 j(€ 0000003 5) 14 (5-8) 


where this spectroscopic factor is normalized so that 


SSO = 25 Fs 5-9 
or 2J (5-9) 


CUPPLE3 calculations were carried out for all the odd 
mass In isotopes with 113 € A ¢ 123 and for all the odd 


S 
mess Sb isotopes with 115 ¢€ A ¢ 125. Table 8 lists the 
input parameters used during the Calautnti one® white tables 
9 and 10 compare the model calculated eigenvatues and 
spectroscopic facors with experimental values. Figse 19 
and 20 compare the model generated eigenvalues with the 
experimentally measured level energies for the Lowest 
single-hole states in In, and the Lowest single~particle 


and 2pih states in Sbe The data illustrated in figse 19 


and 20 is taken from tables Qa and 10ae 


Model calculations were carried out on the In nuclei 


in order to deduce the relative separations of the 1g9/2, 
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Input 
Parameters 


2 
e3 
Awe 
RW3 


1g7/2 
2d5/2 
2a43/2 
3s1/2 
in11/2 


129/2 
2a1/2 
2d3/ 2 


1g9/2 
2da1/2 
2d3/2 


1g7/2 
2a5/ 2 
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1.5 1.6 1.7 1.8 1.8 1.8 
1.7 1.7 1.5 1.3 1.3 1.5 
1.3900 1.294 1.230 1.171 1.140 1.131 
20275 26266 246310 2.400 2.492 2.612 
0-35 0.15 0.0 0.0 0.0 0.0 
0.0 0.9 0-05 0.20 0.40 0.70 


All energy parameters are measured in MeV. 


Table 8 Input parameters for CUPPLE3. 
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Experimental Data™ 
isotope '83tn TEStp PITTA MST Petry Pres zg 
References® 1 2 3 4 5 6 
Levels _ 
9/2+ ) ) ) 0 fe) 0) 
c/2- 392 336 315 311 310 320 
G6)F C10) 
3/2- 647 597 589 604 610 660 
(12) (20) 
Model Calcutations 
9/2+ fe) ) ) 0 0 0) 
em 401 315 328 339 327 311 
3/2- 648 602 597 610 603 645 


Rt energies are in keV. Experimental errors for levels 
with uncertainties greater than 1 keV are listed in 
parenthesese 


b References: 1-Ra71, 2-Ra75, 3-Gr72, 4-McD74, 5-We71, 6- 
Au72- 


Table Qa Experimentally measured and modet calculated 
energies for the lowest single-hole levels in the 


odd mass In nucleie 
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Experimental Data®% 


Isotope l1l3rn Lis tn 1L7yn 1197Ty t2lin 123In 


References” 1 1D Pi: Lo 122 2 
Levels 
9/2+ Ow60 067) Oc67 06S. 1 t0sgD 


i fo aes 0.65 0.75 0e75 0.80 0.70 


oF 0.42 0.48 0.58 0.45 0.52 


372° 0.86 0. 83 0.82 0.81 0.81 0.83 
Ive 0.84 0.83 0.83 0.82 0.83 0.83 
3/27 0.58 0.58 0.61 0-63 0.64 0.60 


“Normalization of spectroscopic factors is explained in the 
texte 


> References: 1-Co69, 2-We71. 

Table 9b Experimentally measured and model calculated 
spectroscopic factors for the Lowest single-hole 
levels in the odd mass In nuclei. 
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Table 10a Experimentally measured and model caticulated 
energies for the lowest single-particle and 2plih 
levels in the odd mass Sb nucteie 


m al os 


Isotope 1415snH 1175, 1195, 121g) 


Reterencea» 1,3 1424 1,2, 657, 
ume es) t 4 5 8 
Levels 
Leow 724 PAT 270 37 
SJ2° 8) (8) 6) 0 
afar 1072 924 700 508 
i2* Gi Fis 720 644 573 
L/25; 1300 1323 1366 1420 
(20) 
9/2+ 1380 1160 971 948 
tf --- 1355 1337 1448 


(10) (10) (10) 


3/2- a -~- 1416 1659 
(10) (10) 


Modet Calculations 


aI 2 743 549 284 45 
5/25 0 0 0 0 
a7 2 1073 916 702 530 
2 7S7 é99 631 588 
1B) bi dese 1314 1323 1371 1453 
9/2" 1373 1164 940 1024 
1/2- 1612 1634 1395 1428 
3/27 1620 1688 1466 1567 


PALL energies are in keV. Experimental 


686 


1672 


1358 


1690 


1864 


errors 


with uncertainties greater than 1 keV are 


Parentheses. 


SReterences: 1-Ga75, 2-Ke71, 3-Ka7T6y 4 
Co73, 7—-Is67, 8-Ho71, 9-Co68, 10~AU72, 11 


-Fr75 r 
-Au72aec 
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1839 


1962 


2270 
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Table 10b Experimentally measured and model calculated 
spectroscopic factors for the Lowest single- 
particte and Z2pih levels in the odd mass Sb 
nucteie 
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e al ta~ 


Isotope 1tSsph 1L7sSph 119sh L21lsph 123sSp 12S5sph 


References” 1 i 2 1,2, tee 1,3 1,3, 
se 2. 3 4 
Levels 
af2y 0.85 0. 81 0.79 0.70 0.84 0.74 
0.70 0.66 


SV fos 0.70 0-70 0-75 0.67 0.80 0.82 
whan 0.58 0.42 0.28 0.30 0.32 


£/2* 0.50 0.60 0.30 0.35 0.25 


0.9 1.0 1.1 

9/2+* --- --- -——— 1.52 1.60 2-0 
2-70 
£/ 2; --— --—- --- 0.78 0.91 0-80 
1.13 
af 27 heaters tence Salers as! 0-62 0.85 Oe. 39 
0.78 

° L aic t 

T/2+ Oeste OZR O70 sei 04 19m OS 
5/2* 0.77 0.75 0.75 0.77 0. 76 0.75 
3/2* 0-38 0.39 0-36 0.32 0.29 0.26 
1/2* 0-35 0.34 0.29 OeoZ 0.33 0.36 
iy 2] 0.64 0.63 0.63 0.64 0.64 0.60 

9/2* ——— -—— >-— 4.8 4.7 5.2 
1/2> — --- -—-- 0.89 0.81 0.67 

3/25 Aa --- --- as Les 1.4 


“Normalization of spectroscopic factors is exp et ege 


texte 


Peeteee neces: 1-Co68, 2-18671 3-Co7a, 4-Au6S. 
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Fig. 19 A comparison of the model generated eigenvalues and 
the experimentally measured level energies for the 


lowest single-hole states in the odd mass In isotopes. 


The solid lines represent the model results, while 
the symbols indicate the experimental measurements. 
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Fig. 20 A comparison of the model generated eigenvalues and 
the experimentally measured level energies for the 
lowest single-particle and two-particle-one-hole 
states in the odd mass Sb isotopes. 


The solid lines represent the model results, while 
the symbols indicate the experimental measurements. 
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2p1/2 and 2p3/2 hole orbitals. The 1g7/2 and 2d5/¢2 
particle states were also included in the calculations in 
order to determine if two-hole-one-particle (2h1p) terms 
were of any significance in the lowest In energy levels. 

Since the locations of the lowest 5/2+ and 7/2+ states have 
not been experimentally identified in many of the In 
nuclei, no attempt was made to determine exactly the 
energies of the 1g7/2 and 2d5/2 orbitals. Instead, 
particle state energies of about 3 MeV were used because 
for these energies the Lowest 5/2+ and 7/2+ states 
predicted in In would have energies somewhere between 700 
and 1000 keV above the ground state, which is what is 
expected experimentally. As it turned out, only the 1/27 
energy level was found to be significantly affected by the 
presence of 2hip terms. For this’ level, the model 
calculations predicted that 2hip terms of the form 
1(1/2)20 5/2(0013)331/2> and |(1/2)20 7/2(0013)3;1/2> did 
alter the level energy by between 100 and 150 keV. Since 
these terms would normally have been excluded by the 5 MeV 
upper energy cutoff on basis states, a higher energy cutoff 
weeluced for this level. Neither the 9/2* ground state nor 
the first 3/27 excited state contained significant 2nip 


terms, nor were either of these states affected by raising 


the upper energy cutoff. 


In carrying out the Sb calculations, the single- 


particle energies for the 1g7/2, 2a5/2, 2d3/2, 3s1/2 and 


1h11/2 orbitals were deduced by comparing the model results 
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with experimentally measured energies for the lowest 7/2+*, 
5/2t, 3/ tei /2te . <an'idsecl 16/2 leveiliat Since the 9/2+* 2pth 
state had been identified experimentally in all of the Sb 
nuclei under consideration, it was also straightforward to 
deduce the energy separation of the 1g9/2 hole orbital and 
the Lowest single-particle orbital (either the 2d5/2 or 
1g7/2 orbital) by comparing the model calculated energy for 
this level with the experimental energye Using the 
separations of the hole orbitals deduced from the In model 
calculations, it was then possible to predict where the 
lowest 1/2- and 3/2- 2pih states should be in the various 


Sb nuclei. 


Finally, it should be explained how the final values 
of the coupling strength parameters, &e2 and & 3 were 
chosene From table 7 it witl be noted that a wide range of 
&3 values were predicted in many of the Sb isotopes. It 
was found that the modet calculations were reasonably 
insensitive to values of €3 within the given rangese 
Hence, the values of =3 used during the CUPPLES3 
calculations were chosen, within the ranges predicted, so 
that —3 varied fairly smoothly with A- No attempt was made 


to vary §3 so as to obtain a best fit between the model 


calculations and the experimental resultSe 


The model calculations in general, however, and the 


positions of the lowest 3/2* and 1/2+ levels in particular, 
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the CUPPLE3 caiculations. This dependence is illustrated 


in fige 21. Using the values of S2 Listed in table 7, the 
CUPPLES3 claculations predicted energies for the lowest 3/2+ 
and Let states which were too low compared with 
experimente These model energies could be increased by 
increasing the Single-particle orbital energies for the 
2d3/2 and 3sl1/2 states, but then the spectroscopic factors 
for these levels were found to be too small. Hence, 
smaller values of 2 than those predicted in table 7 were 
used during the final CUPPLE3 calculations in order to 
obtain a better fit between the experimental and model 
calculated energies and spectroscopic factors for the 


lowest 3/2+ and 1/2+ states. 


The general results for all the In and Sb nuclei will 
not be discussed, except to note that the results of the 
model calculations, displayed in tables 9 and 10 and figs. 
moe and 20, are iin reasonable agreement with the 
experimental measurementSe Also it will be noted that the 
CUPPLE3 input parameters listed in table 8 vary quite 
smoothly with Ae A detailed discussion of the model 


calculations for 421Sb and !23Sb will be given in the next 


sectione 


b) The MOMENT Calculations 


The calculation of various electromagnetic observables 
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program could calculate magnetic dipole and electric 


quadrupole moments, Y-ray branching and eae ratios, and 
reduced matrix elements for electric quadrupole transitions 
(BCE2)'s) for any of the eigenstates generated by CUPPLE3. 

Input parameters to MOMENT included the values of Rwe2 and 
E2 used in the CUPPLE3 calculations, the energy 
eigenvectors generated by CUPPLE3, the atomic number Z and 
weight A of the nucleus being studied, the radial parameter 
k (defined in chapter IV), and the magnetic g factors, g€2, 
&s and gp. All of these parameters were fixed during the 
calculations, with values of BZ, = le fy = 2-62 and Ee = Z/A 
as specified in He67, and a value of k = 40 MeV as 
Suggested in Br60 and He67- Detailed calculations were 
carried out only for the 42!'!Sb and 123Sb nuclei, and these 


results will be discussed in the next sectione 


5.2 Energy Levels of 12tSpb and 123Spb Below 2 MeV 


Extensive model calculations were made for excited 
States below 2 MeV in 421Sb and 4#3Sb.e. Figs. 22 and 23 
compare these deduced energy ltevels with known experimental 


levels, while tables 11 and 12 List the model deduced 


eigenvectors for many of the levels. It should be noted 


that correlations made between experimental levels and 


model calculated levels shown in figse 22 and 23 and 


tables 11 and 12 are probable, but not certaine Tables 13 


and 14 compare the electromagnetic observables calculated 


by MOMENT with experimental measurements. 
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Fig. 22 A comparison of model predicted and experimental 
energy levels in 12!Sb. 


The experimental levels are the same as those listed 
in table 15. Experimental levels represented by 
dashed lines are tentative. Correlations made between 
model predicted and experimental levels are probable, 


but not certain. 
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Fig. 23 A comparison of mode] predicted and experimental 
energy levels in 123Sb. 


The experimental levels are the same as those listed 
in table 16. Experimental levels represented by 
dashed lines are tentative. Correlations made between 
model predicted and experimental levels are probable, 


but not certain. 
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fie 02537/2*> = 
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}124203;11/2-> = 0.80/11/2( 0000 )0>-0.34]11/2( 1200)2> 
~021517/2( 0013 )3>+0.42/5/2( 0013 )3> 
-0-12/5/2( 1213 )3>-0.10/5/2(1213)4> 

|1.4483;1/2-> -0.40|7/2( 0013 )3>+0.84/( 7/2 )20 1/2(0000)0> 

~0.32/(7/2)20 1/2(1200)2> 


-0.16|7/2( 0013 )3>+0.791(7/2)20 3/2( 0000 )0> 
+0.291(7/2)70 1/2(1200)2> 
+0.26/(7/2)20 3/2(1200)2> 
-0.41|/(7/2)20 9/2(0013)3> 


|1.659;3/2-> 


—0244/5/2(1200)2>+0.53]/ 3/2( 1200 )2> 
#0.11/5/2( 2200 )2>-0.18/3/2( 2200 )2> 
+0 663 |7/2( 2400 )4>+0.11)| 3/2( 3200 )2> 
-0.23| 7/2( 3400 )4> 


a? 105 1/2*> 


u 


Table 11 Model predicted energy eigenvectors for '4!Spb. 
Only components which contribute more than 1% are 
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|0.000;7/2+t> = 


| 0. 1603 542+*> = 


|0.5423;3/2+> = 


NOe712;1/2*> = 


1-030;9/2*> =— 


|1.0893;11/2+*> 


fide 739/2*> = 


i630; 11/2-> 


mt 7293:1/2- > 


) 


|1.884;3/2-> 


Table, 12 Model predicted 


Pe 


0-891 7/2( 0000 )0>-0.3617/2( 1200 )2> 
—0210/ S/2( 1200 )2>+ 0.19 |3/2( 1200 )2> 


0.87! 5/2( 0000)0>+0. 16 |7/2( 1200 )2> 
~023115/2( 1200 )2>-0.1013/2( 1200 )2> 
+0.18/ 1/2( 1200 )2>-0.20111/2(0013)3> 


0.54| 3/2( 0000 )0>+0.6717/2( 1200 )2> 
+0.19) 5/2( 1200 )2>-0.2013/2¢ 1200 )2> 
-0.18/ 1/2( 1200 )2>+0. 16 13/2¢ 2000 )0> 
—0.251 7/2( 2200 )2>-0.1317/2( 2400 )4> 
~0.12|5/2(2400)4> 


06571 1/2( 0000 )0>+0.6215/2( 1200 )2> 
+0.34| 3/2( 1200 )2>+0.1611/2( 2000 )0> 
—-0 222! 5/2( 2200 )2>-0. aoe 
+0.24| 7/2( 2400 )4> 


0.85! 7/2(1200)2>-0.1115/2( 1200 )2> 
+0.23| 7/2¢ 2200 92>+0.1015/2( 2200 )2> 
—0 .36/ 7/2( 2400 )4>+0.1313/2( 2400 )4> 
+0.18/¢7/2)20 9/2(0000)0> 


0.87| 7/2( 1200)2>-0.1917/2( 2200 )2> 
~0.32| 7/2( 2400 )45-0-1115/2( 2400 )4> 
+0.26| 3/2(2400)4> 


-0.17! 7/2( 1200 )2>-0.16/5/2¢€ 1200 )2> 
+0.871(7/2)20 9/2( 0000 )0> 
—-0.351¢7/2)20 9/2( 1200 )2> 
+0.151(7/2)20 3/2( 0013 )3> 


0.801 11/2( 0000 )0>-0-331 11/2 1200 )2> 
-0.17/ 7/2( 0013 )3>+0- 4315/2 0013 )3> 
-0011]5/2¢ 1213 93>-0.1015/2( 1213 )4> 


-~0.47!1 7/2( 0013 )3>+0.821( 7/2970 1/2( 0000 )0> 
-0.30/(7/2)40 3/20 1200 )2> 


0.201 7/2( 0013 )3>-0-781(7/2)79 3/2( 0000 )0> 
-0.281/(7/2)20 1/2( 1200 )2> 
-0 2261( 7/2 )20 3/20 1200 )2> 
+0.411(7/2)20 9/2( 0013 )3> 


energy eigenvectors for !°3Sb. 


Only components which contribute more than 1% are 


Listede 


3 We en ih Oe : : D Ve \ ae i 


wed 


‘ / : >: Bh a 
| Yee og) PPP aL oe. 
H a i rN ; wy 7 ; 
: x \ eC ie 4] 
{ i, re % CNY ” 
ie te ns ra 
ie i; i | 
yk 4 fi Bios { 


nae 1 yee a ty Hy ve 


+. Relen@oie teens yom: 0 60h BONE TE i: 
1 "or 4 TENE 1 O¥ CEL DOES NE 


| ; - i, one At vr " oveia beet: mt . ° i 
amen cues: ane Bred yen ee a i> berry ror gt 


| ésoon’ iS ison ae jae: YG 
; 7 y cy Pe ae i XA aT if “i Bt bes voseie ete 

a Rata FAG! Bs OOS WOOT FEAR (arud~ 

i 1 at OUP . 9% 7 it _ Che te Gh ? t “Vis 4 ts ead 

. a ee hel 


(hon toet dvap be rene gi 


en oe EP NE Ne: 
Cig AVR, #5." VERE MGS site Ve phe y Aeen a 
ing ye sé WA | ak ah ‘c § fab £8 fia At baths 4 al sae A ody 
ba a NS tbe Nf rh oe ‘as aie Ae Aa 


ya. 


pe 


Poe ae RRA CORE IGONGILT inthe OGG MENT: teRed 
| | eet x GOEL 4 ue at ‘OO ean EERE | ; 
Ket DObH we ACI ch DOE FONT Pekar: &). a 
Bord ul YR eee GND) je V9 nm G a Vs OF) 


te ; ihe 3 i iebeo: 
ra He Oe: Poy |Z ee 2 ee oon. ot ik hare es) 
7% 


Lars 


ve Bh a 


wi 


be tear 4- COS t.2 ea he " 
Fi, SRC OOOG NG ntcen re ee 
| | 44 OOS SANGO Co SIRO. ie: hed 
Car Rupee te tere om Ua 


) RN GOR. MELLEL» Gn et CORN NE 40d ie Oe i” r “i, 
wi Meh EO yo Gath od Sad, (OD 1K 4 pu fa Come 
| eat UI +5 Higs Orth ecieese Ver Ah afm Sine 


te ane» rN HPHEN OI Se a? EURLGO NE Pee my 
fe EE GUY § CW! 8 RYE VOR 


Ll) COR ORO ING, DEVEAT 2) #0 .0- “ sek eV 1OE. a * 
wre | we Seed OBER WAS He le pa 


AL RE AA gs nook AB . CME bee 


Bh est ! MEPETOO 18 Ome avn VAs OF 


ts a t. 
ee 


Legit Boot oN Abyss vara bape lshin i 
what is teicdial alana > om th pie hw 


93 


Electromagnetic Level or Experimental Calculated 
Observable Transition Values % Values 
(keV) 
= oe ee 
Magnetic Dipole 0 3e359 nm 3-21 nm 
Moment L 37 2eSi nm 2e75 nm 
Electric Quad. 0 -~0.29 eb -0.33 eb 
Noment Q Q(37 )/Q00 ) 1.34+0.01 1.32 
Branching Ratios $0 7--»+0 94% 96% 
——~37 6% 4% 
947-—0 8% 2% 
--~37 92% 98% 
1025--~0 100% 715% 
== 37 0% 25% 
1036-—0 0% 10% 
~~ 37 100% 90% 
1145-<--0 5 0% 68% 
--—=37 50% 32% 
1386-- 0 100% 98% 
———37 0% 2% 
Mixing Ratios 507---0 16-257 -4° 
arctan§ 947--»37 13°+6° 49° 
or 67° +6° 
1025--»0 4°-»75° 40° 
1036--»37 19°+9° 42~ 
or 61°+9° 
1145--»37 6° -~74° -35° 
BC E2)¢ from 37 <0.018 e@b2 0.0054 e2b2 
Coulomb Excitation 507 0-010 +0.003 e2b2 0.0061 e@b2 
0.011 +0.002 efb? 
573 0.024 +0.003 e@b* 0.023 e2b2 
0.028 +0.002 e@be 
947 0.000740-0002 e@b2 0.0001 e2b?2 
1025 0-100 +0.016 e*b2= 0.022 eb? 
0.070 +0-005 e@b? 
1036 0-904 +0.001 e@=b* 0.011 efb? 
0.00294+0.0003 e@b? 
1145 0.081 +0.005 eb? 0.064 e-b2 
1386 0-020 +0.005 e#bn2 0.011 e#n2 


02-007 40.002 eb? 


“Experimental mixing ratios are taken from the present work, 
except for the 507--F0 keV transition which is from Ho71le 
Branching ratios are taken from Ba71l, and B(E2)4 values are 
from Ho71 and An75e Other experimental values are from Ho71. 
"The Sign of fais mixing ratio has not been determined 
experimentallye 


Table 13 Model predicted and experimentally observed 
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Calculated 
Values 


ee eee ee ee 


2076 nm 
3-20 nm 


Magnetic Dipole 
Moment 


Electric Quade 
Moment Q 


Branching Ratios 


Mixing Ratios 
arctan § 


BCE2)+ from 
Coulomb Excitation 


Q 
Experimental 


mixing 


0 
160 


0 
160 


542---0 
-->160 

1030-->0 
-~->160 

1337--~0 
--~ 160 


1030--»0 
133 7--» 0 


160 
542 


1030 


1089( 11/2) 
(9/2) 


1337 


- 


0.003540.0007 


0.028 
0.040 
0.08 

0.073 
0.055 
0.076 


and B(E2)* values are from both Au 
experimental values are taken from Au72-e 


Table 14 Model 


predicted 


and 


22547 nm 


0237 eb 


(35+6 )% 
(6546 )% 
100% 
0% 
73% 
27% 


9° -»72~ 
~90° ->-88" 
-10°->90° 


+0.004 
+0.003 
+0-01 

+0.009 
+0.014 
+0.008 


72 and 


experimentally 


e2 pe 
e2 bf 
e@b2 
e* be 
ee b2 
e*@ b? 
e2be 


electromagnetic properties of !24Sb. 


—-0243 eb 
-0.33 eb 


21% 
719% 
99% 

1% 
90% 
10% 


51° 

= ivi 

0.0040 
0.031 
0.044 
0.065 


0-002 
0.0011 


ratios are taken from the present 
An75- 


e2be 


e“be 
e2be 


e* be 


work, 
AltL other 
observed 
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{In order to compare the model calculations with 
experimental results and hence to gain a better 
understanding of the structure of the Sb nuclei, it is 
useful to consider the results of experiments which 
preferentially excite certain Sb energy levels. Tables 15 


and 16 List qualitatively the results for a number of such 


experiments. 


Since both 429Sn and 122Sn have zero phonon’ ground 
states, the Sn(3He;d)Sb stripping reaction would be 
expected to excite single-particle levels of the form 
| j( 0000 )03 j> in the Sb nuclei. The 1429Sn(a,p)123Spb 
reaction would also be expected to excite Levels of this 
form, provided the two neutrons transfered are coupled to 
Spin zeroe The Te(t,a)Sb pickup reaction would be expected 
to excite both single-particle Levels, and 2plh states of 


the form |(j')20 j(0000)03 j>- 


(dyd*) inelastic scattering and coulomb excitation 
experiments should preferentially excite cotlective states 
in the Sb nuclei, but which collective states are excited 


will depend on the ground state wavefunctions of the Sb 


nuclei. From tables 11 and 12 it can be seen that the 


ground state of !2!Sb is largely in the 15/2(0000 )035/2> 


state, while the ground state of 123Sb is predominantly 


17/2¢ 0000)0;7/2>- Hencey these reactions should excite 


levels with large components in their wavefunctions of the 


form 15/2(1200)2;j> in 12!Sby and 17/2(1200)23j> in *2%Sp. 
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The 423spn(p,t)t2tspn reaction, on the otheT hand, should 
excite collective terms with large |7/2( 1200 )23 j> 
components in 421Sbh. The (Y,Y*) interaction will also be 
expected to excite collective levels in these nuclei, 


although other levels may also be excited. 


Finally, in table 15 an experiment using the 
120Sn(7Liya2n)'21Sh reaction is listed. This experiment 
was intended to excite any high spin rotational levels in 


l21lsp, 


With the information available in tables 10 through 
16, it is possible to discuss in some detail the structure 
of the individual Sb levels. It can be seen from table !§ 
that the first four levels in !?!Sb are strongly excited in 
the (3He,d) stripping reaction, and hence must have sizable 
Single-particle components. Both the 507 and 573 keV 
levels are also excited in the (d,d*) and coulomb 
excitation experiments, and therefore must have significant 


collective terms. This fact is born out by the 


spectroscopic factors listed in table 10b and the model 


deduced wavefunctions listed in table il. The O and 37 keV 


levels are almost entirely single-particle states, while 


the 507 and 573 keV Levels have much smaller single- 


particle components and many collective terms. 


All of these states are excited in the 122Te(t,a) 


reactione The fact that the 37 keV level is most strongly 


excited indicates that the ground state wavefunction for 
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122Te is dominated by a term with two protons in the 1g7/2 


orbital coupled to Spin zero. The 37 keV level is also 


strongly excited in the 123sp(p,t) reaction, which is 
expected since this level is the analogue of the 123sp 


ground state.e 


The model calculated magnetic dipole and electric 
quadrupole moments for the 0 and 37 keV levels are in good 
agreement with the experimentat values Listed in table 13, 
as are the branching ratios for the 507 keV level and the 
B(E2)# values for the Oils 507 and 573 keV levelse The 
deduced mixing ratio for the 507--~0 keV transition is only 


in fair agreement with experiment, however. 


The 947 keV level, which has been assigned a definite 
spin of 9/2 in the present study, was excited in the 
Me eTo( t,a) reaction with an Peaneter of 4, suggesting 
that the wavefunction for this level is dominated by a 2pih 
term of the form |(7/2)20 9/2(0000)0;9/2>. The model 
calculations for this level were able to reproduce this 
feature (table 11), although the model predicted 
spectroscopic factors (table 10b) are considerably larger 


than the experimental spectroscopic factorse It should be 


no tedy however, that many of the model eredigted 


spectroscopic factors for 2plih states were larger than the 


experimental values, and that the (2j+1) sum rule was’ far 


from being exhausted by the experimental valuese The 


authors of the (t,a) study {( Co73) noted that either the 
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absolute values of their calculations were incorrect, or 


that the remaining strength for the (2j+1) sum rule lay 


over many levels above 3 MeV in excitatione 


The model predictions listed in table 13 for the 
electromagnetic observables associated with the 947 keV 


level are in reasonable agreement with experiment. 


The 947 keV tevel was also excited in the 
120Sn(7Liya2n) reaction, and identified as the band head 
for a AJ=1 rotational band. It would thus appear that the 
2pih excitation predicted by the intermediate coupling 
model introduces a permanent deformation to the nucleus, 


and hence permits rotational bands to be built on this 


level. The 1322 keV tlevelt is presumed to be the first 
excited state in this rotational band. This tlevet would 
not, of course, be predicted in the present model 


calculationse 


The four levels between 1-0 and 1¢2 MeV appear to be 
largely collective in natures Both the 1025 and 1145 kev 
levels are strongly excited in the (dy,d® ), coulomb 


excitation and (7,7!) reactions, but not in the (p,t) 


reaction, indicating that they have large |5/2(1200 23 j> 


components) in their wavefunctionSse The 1036 and 1140 keV 


levels, however, are excited in the (p,t) reaction but only 


weakly in the other reactions indicating the presence of 


large 17/4 2( 1200 923 j> components in their wavefunctions. 


The 1036 and 1145 keV levels have been assigned spins of 
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9/2 in the present study, and can therefore be readily 
correlated with model calculated levels which have the same 
dominant components as those specified abovee The 1025 kev 
level, which was assigned a definite spin of 7/2 in this 
study, can also be correlated with a model calculated 
level. In this casey however, the model appears to predict 
too large a |5/2(1200)2;:7/2> component in the wavefunction; 
if this component were as large the model predicts (see 


table 11), then this level should be appreciably excited in 


the (p,t) reaction: The 1140 keV level presumably 
_corresponds to the lowest 11/2+ model predicted level. In 
this case the model correctly predicts a targe 


|7/2€1200)2311/2> component in the wavefunctione 


The model catculated electromagnetic observables’ for 
these Levels are in reasonable agreement with experiment, 
although the agreement is not nearly as good as that for 
the Lower levelse The branching ratio predicted for the 
1025--~37 keV transtion is certainly too targe, while the 
B(E2)4 value for this level is too smalte As well, the 
B(E2)4 value for the 1036 keV level is a little too targey 


and the sign of the mixing ratio predicted for the 1145--—> 


37 keV transition disagrees with experiment. 


The 1386 keV level has been observed in (7Heyd)y 


(d,d!), coulomb excitation and (Y,Y*) experimentse 


However, the (3He,d) results for this level are somewhat 


ambiguouse In one study (Ba66), 4 level with an energy of 
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1380 + 10 keV was strongly excited, but no 2 transfer was 
measured. In two other studies (1s67 and Co68 ), Levels 
with energies of 1420 + 20 keV and 1440 + 30 keV were 


observed with 2 transfers of 2 + 5. It is not obvious that 


the levels observed in these last two experiments are 


related to the level observed in the first experimente A 
spin-parity of 3/2* has previously been proposed for this 
level (Bo073), and indeed, only for a spin 3/2 level did the 
model calculations reproduce the large branching ratio of 
this level to the ground state. The B( E2 )¢ value for this 
level was also correctly predicted by the model 
calculationse However, the wavefunction for this level, 
listed in table 11, contains virtually no single-particle 
terme Therefore, if the model calculations are correct, 
this level should not be observed in a (7He,d) stripping 
experimente The model predicted wavefunction does contain 
a large collective term of the form |5/2(1200)23;3/2>, which 
is what would be expected from the (dyd*), coulomb 


excitation and (Y,Y* ) experimentse 


The experimental information available for levels 
above 1400 keV in !2!Sb is not nearly as decisive as it is 


for levels below this energys As*twas “mentioned "anoves 


levels at energies of 1420 + 20 keV and 1440 + 30 keV have 


been observed in (3He,d) experiments with a ae 


2+ 5S. The measured spectroscopic factor for an @ transfer 


of 5 is quite large (see table 10b), and hence an Pie 
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somewhere in this energy range. From the present study the 


most likety candidate for this level is the 1427 kev level, 
which decays to the two 9/2+ levels at 1036 and 1145 keV. 

This assignment would be unlikely if this level were 
excited by the (Y,Y* ) reaction, since a transition from the 
5/2*+ ground state of !21sbh to an 11/2- level must proceed 
via E3 radiation, and the (Y¥,¥*) reaction tends to only 
proceed via El or E2/M1 radiatione A scattered 1423 + 3 
keV Y-ray was in fact observed in the (Y,Y') experiment 
(Bo73) and assigned to 442!Sb, but it has been assumed in 
this analysis that this Y-ray came from the 1586 keV level 
of '423Sb proposed earlier in the discussion of the present 
experimental worke The fact that this level is strongly 
excited in the (d,d*) and coulomb excitation experiments 
could be due to the presence of a one octupole phonon 
collective term, |5/2( 0013 )3311/2>, in the Mis 


wavefunction, as Shown in table ile 


Levels with energies of 1448 + 10 keV and 1659 + 10 
keV have been observed in the (t,a) experiment with 
moderately sized spectroscopic factors for R transfers of 


le These states must therefore have 2plh components in 


their wavefunctions, with the one _ hote occuring in the 


2p1/2 and 2p3/2 states respectively. The model calculated 


Spectroscopic factor listed in table 10b for the 3/27 level 


is about twice as large as the experimental value, as was 


tigtilicase iforavthes 9/2* '2pth level at 947 keV. The 


Spectroscopic factor calculated for the 1/27- level is, 
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however, in reasonable agreement with experiment. 


There is contradictory evidence concerning the 
properties of the excited state at 1736 keVe A levet with 
an energy of 1735 + 10 keV was originally observed to be 
moderately excited in a (3He,d) experiment (Ba66), but no & 
transfer was measured. A later (3He,d) experiment {(1Is67) 
noted a level with an energy of 1770 + 20 keV and having a 
measured spectroscopic factor of 0.16 + 0.03 for an 
transfer of O. On the basis of these measurements, the 
level at 1736 keV was assigned a spin-parity of 1/2+ by 
Pencl car Data Sheets (Ho71 ). This assignment was challenged 
in a (Y,Y") scattering experiment (Bo73), however, on the 
grounds that the E2 strength required to populate this 
level, assuming a spin-parity of 1/2+, was too large. The 
measured BC E2)# for this level assuming this spin-parity 
was 0.09 + 0.02 e@b2. The present model calculations tend 
to support this last experimente The model does predict a 
1/2+ level in this energy region, and the wavefunction for 
this level is listed in table 11. The model calculated 
B(E2)4 for this tevel is 0.0006 e@b*, however, which is at 


least two orders of magnitude Lower than the experimental 


value quoted abovee Furthermore, the spectroscopic factor 


predicted by the theory for this level is less than 0.01, 


in clear disagreement with the measured valuee On the 


basis of the B(E2)4 results, it would appear that the 1736 


3 
KeVelevel»is not. the 1/2* tevet predicted in the ( He,d) 


+ 
studye The exact location and properties of a 1/2" energy 
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level in this region have Still to be determined. 


The first four states in !23Sph are quite similar in 
structure to the four Lowest levels in 12lSb, except that 
the 5/2* level now lies above the 7/2+ level in energye 

All four levels are excited by the 124Te( 3He,d) stripping 
reaction with the Lowest two levels having large 
spectroscopic factors and the next two levels having 
smaller spectroscopic factorse AS Shown in table 16, the 
542 keV level is also strongly excited in the (dyd'), 
coulomb excitation and (Y,Y") experiments, indicating that 
nit has a large collective component of the form 
|7/2€1200)23;3/2> in its wavefunctione The 712 keV level 
would not be expected to be excited in any of these 


reactions because, with a spin-parity of 1/2+, it is 3 


units of angular momentum above the ground statee 


The model calculated wavefunctions (table 12) and 
spectroscopic factors (table 10b) for these levels are in 
agreement with the experimental results discussed abovee 


The model calculated electromagnetic observables for these 


levels , shown in table 14, are also in good agreement with 


experimental valuese 


These four levels are also moderately excited in the 


123 
124Te( t,a) reaction, with the ground state of Sb being 


This suggests 
very strongly excited by this reaction. g2 


pean es the case for !22Te, the dominant term in the 
’ 


wevefuncticn for the ground state of 124Te contains two 
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protons outside the Z = 50 core both occupying the 1g7/2 


orbital and coupled to spin zero. 


The tevelt at 1030 keV has been assigned a definite 
spin of 9/2 in the present study. From table 16 it can 
also be seen that this Level is strongly excited by the 
(d,d*), coulomb excitation and (V,Y*") experiments, which 
suggests that this level has a large collective component 
of the form |7/2( 1200 )239/2>. The model calculations 
successfully predict a Level with these properties, and the 
wavefunction of this level is listed in table 12. The 
model calculated branching ratios for this level are in 
good agreement with experiment, and the calculated mixing 
ratio has the correct signe The model calculated B(E2)} is 
smaller than the experimental measurements, although the 


agreement is still reasonable. 


The 10892 keV Level was assigned possible spin-parities 
of 7/2+, 9/2+ or 11/2+ by Nuclear Data Sheets (Au72),_ but 
the 7/2+ assignment was rejected earlier in the present 
study (see chapter III). In table 14, measured B(E2)# 
values for this level of 0.055 + 0-014 e2be and 
0.076 + 0.008 e2b2 are compared with model calculations for 


levels in this region with spins of 9/2 and 11/2. The 


Petcntation for an 11/2* tevel, 0-065 e2b*2, is in good 


agreement with the experimental values, while the result 


i. The 
Porat OvOr Levels 0-002 e*b*, is much too sma 


wavefunetion Listed in table 12 for the 1089 keV level is 
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that of the 11/2* model calculated level. It will be noted 


that this wavefunction has a large component of the form 


17/2(1200)23;11/2>, which agrees with the experimental 


finding that this level is strongly excited in the (d,d*), 


coulomb excitation and (Y,¥') experiments. 


The levels at 1182 and 1260 keV are not strongly 
excited in any of the experiments Listed in table 16, which 
suggests that these levels are largely collective in nature 
with the single proton outside the Z = 50 core residing in 
an orbital other than the 1g7/2. Terms of the form 
-|5/2(1200)23j> are probable, since the 2d5/2 orbital is 
next lowest in energy to the t1g7/2 orbital. Since 
experimental spin-parities for these levels have not _ been 
measured, any further discussion of their structure would 


be highly speculativee 


The 1337 keV level is strongly excited by the !2*Te 


(t,a@) reaction for an 2 transfer of 4¢ This suggests that 
beialtevel istsimilar to the 947 keV Level in’ '**Sb, “being 
a 2plh state with a proton hole occuring in the 1g9/2 


orbital and having two protons in the 1g7/2 orbital coupled 


to spin zero. The model calculated wavefunction for this 


level is Listed in table 12, and _ the calculated 


Spectroscopic factor is compared with experimen? (ainw ete 


10b. As in the case of the 947 keV level in !21!Sb, the 


calculated spectroscopic factor is between two and three 


times. larger than the experimental onee Tne calculated 
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branching ratios shown in table 12 for this level are in 


reasonable agreement with experiment, and the calculated 


mixing ratio for the 1337--»9 keV transition is also 


Pn 
general agreement with the rather poor experimental 
measuremente 

AS was the case for L21Sp, the experimental 


information on levels above 1400 keV in !23Sb is somwhat 
confusinge The 1515 keV Level listed in table 16 is 
assumed to correspond to levels at 1502 + 10 keV and 
1500 + 30 keV observed in two (3He,d) experiments (Ba66 and 
Co68), tevels at 1510 + 5 keV and 1526 + 15 keV seen in two 
(d,d*) experiments (Ba66 and Hj67), and a level at 1512 + 2 
keV observed in a (Y,Y") experiment (Bo73)e This levet was 
also observed in an (a,yp) experiment (Ka77), but measured 
excitation energies were not reported in this studye An & 


transfer of 2 was measured for this Level in the second 


(7He,d) experimente 


The 1585 keV level proposed in the present study 
should correspond to a levet at energy 1574) 2 105) kev 
observed in a (3He,d) study (Ba66), a tevel at 1601 + 15 


keV observed in a (d;d*) experiment (Hj67), and a level at 


1583 + 3 kKeV possibly seen in a (Y¥,Y* ) experiment (Bo73)- 


It has been assumed that the 1423 + 3 keV Y«ray observed in 


= 
the (VY%,v") experiment originated from the 1+29Sb nucleus. 


This level was also observed in the (asp) study, and may 


correspond to a peak with energy 1630 + 30 keV observed to 
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have an & transfer of 2+ 5 in a (3He,d) study (C068). 


A level at an energy of 1643 keV proposed by Nuclear 
Data Sheets (Au72) appears to correspond to levels at 
1644 + 10 keV and 1630 + 30 keV observed in the two (4He,d) 
experiments mentioned above, a level at 1653 ¢ S keV seen 
in one of the (d,d*) experiments (Ba66), a level observed 
in the (a,p) experiment, and perhaps to a level at 1643 + 3 
keV excited in the (VY,Y') experiment. However, a spin- 
parity of 11/2- was proposed for this level in the (a,p) 


study, whereas the (7Y,Y') study proposed spin-parities of 


3/2* or 5/2+*. 


Finally, a level at 1740 keV was observed in a (7He,d) 
experiment (Co68) with an energy of 1740 + 30 keV, in the 
(ayp) study, and in a (d,d*) study (Hj67) with an energy of 
moO + 15. keVe However, the A transfer of 2 measured in 
the (3He,d) study suggests spin-parities of 3/2+ or 5/2+ 
for this level, whereas a spin-parity of 7/2* was proposed 


in the (a,p) studye 


A correlation between the model calculated levels and 


any of the four levels just discussed cannot be made with 


the information available. Indeed because the model 


predicts many more levels in this energy region than are 


observed ee nerinantal ls, and in light of the contradictory 


experimental results noted above, it is quite possible that 


some of the levels discussed above are doubletse 


Tre ul af 
ma! Ae 
PALO 
} 
\ 


vente se 


‘hi vel ay un ip hgunrae in ney 


(roe 


(we ae 


aes 


en) 


be 
Pare, 
ee 
; 
i 
i 
i? } 
int 
‘7 
“LS 
“~ 
f 


on % 


; Wet ®: oy ; i‘ ae , 
baw? eit, he b My hipaa ate! vib “oe » Vs 
os Ms rea Fee nt | .: cae oda i 
- ae me bow a i oO : Fahey =p i capa iy ag og 


ot Sie We ae s ee 


Wh ota ky SR ONT nan Meneaiataa 


2.5 4nQvrnzsye ty 


sy 
j et + a ath me ett. S40) Y eed feelin ke’ 7 
Cb ORT te Ge Ber eae eae 
a) e i? x3 if ie yi eS ok oe a 
~ ; 
i Fi tag “ : ; ip ¢ 
- 
er Ve t me 


eth? OER Ss oo CR eh 


} Line AY ; ; f 
cals \ } 7 


Rit 


- 


a eWay - sii 
iy 
BF hate 


A hard a 
hn tice heen OF carta sor 


ee. 


lak hekebuatee hh Lea 


5 he hed 


ne 


ee ae . biel 


‘Cee ? , e 
tw ply hS ore’ 
; 


‘asm staves e4eon Case olan 


yy s ry 
ne 


sit Bedenbd Beans eee ee 


1 


pes Mpa UTA icity 


an Fo 5 ti ae or), tuba A Sle . ‘ate ais nt ane’ neve 


Yup, wt chron A i la bxtue er fed awotwoaal 


tn gv Wax sine rales Abas ut hin wom, 
; t ’ wh ' ; nis : 1 
; bie 


110 


The model calculated wavefunction for the Cl 2a 
Single~particle state is Listed in table 12, and is assumed 
to have an energy of 1630 4% 30 kev. The spectroscopic 
factor calculated for this level is in good agreement with 


experimental results. 


Finally, levels with energies of 1729 + 10 keV and 
1884 + 10 keV have been observed in a (t,ya) experiment with 
Q transfers of 1. These two levels should therefore 
correspond to 2pth levels with proton holes occuring in the 
2p1/2 and 2p3/2 states respectively, and must have spin- 
parities of 1/27 and 3/2~. The wavefunction for these 
levels are listed in table 12, and their spectroscopic 
factors in table 10be As was the case for the 1/27 and 
3/2- levels in !2!'Sp, the calculated spectroscopic factor 
for the 1/2- level is in agreement with experiment, but the 
spectroscopic factor calculated for the 3/27- level is about 


twice as large as the experimental valuee 
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Chapter VI 


Conclusions 


The present study has demonstrated that level spins 
can be deduced by measuring Y-ray angular distributions 
produced by the (nyn'vy) reaction. The count rates 
encountered when using the (n,n*Vv) reaction are much 
smaller than the count rates obtained when doing, for 
example, (pyn) work on Lighter nuclei. Hence, the mixing 
ratios deduced in this work have relatively large errors 


associated with theme 


Four definite spin assignments were made in 42!Spb put 
only one assignment was made in !23Spb. This was because 
the ground state spin of !23Sb is larger than the ground 
state spin of 121!Spb, and hence excited states in '*3Sb are 
not as strongly aligned as eaves in '!2'tsp. Aiternate 
experiments to determine level spins, such as measuring Y-Y 


correlations, were impractical due to the low count rates. 


It was noted in the discussion of experimental results 


that angular distribution measurements could not be made 
for levels above 1.4 MeV in 12!Sb because these levels were 


weakly excited by the (ngn*Y) reactione This observation 


2 
can be explained by noting that the level density in Tesh 


increases considerably at this energy Hence there are 


many more exit channels available for the compound nucleus 


to decay to and the yield to each of the exit channels 
’ 


decreaseSse 
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The intermediate coupling model calculations are in 


reasonable agreement with the experimental resultse The 
model correctly predicts the large one quadrupole phonon 
components in the lowest 1/2+ and 3/2* states in the Sb 
nuclei, ae also explains many of the features of the 
predominantly one quadrupole phonon levels grouped in the 
1.0 to 162 MeV region. There is insufficient experimental 
data availabie to extend the comparison to higher levels, 
where two quadrupole phonon states would start to become 
importante In this region a comparison between 
experimental results and model calculations might begin to 
break down, however, because the experimentally observed 


two quadrupole phonon states in the Sn nuclei are split in 


energy, whereas the model two phonon states are degenerate. 


The 2pih terms included in the modet calculations 
aprear to couple only weakly to the single-particle termse 
Most of the eigenstates predicted by the model below 2 MeV 
do not have both large single-particle and ltarge 2ptih 
components, but instead have either single-particle terms, 


or 2pih terms, coupled to vibrational components. If the 


2plh terms were removed from the model calculations, the 


model predictions for most states would not change 


appreciably, except of course that Levels with large 2pih 


components would be overlookede 
In the discussion of the model results it was noted 


that a AJ=1 rotational band has been discovered 
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experimentally with a band head corresponding to the 9/2+ 


2pih state in 42!Sb. It is possible that rotational bands 
may also be built on the 1/2- and 3/2- 2pih states in the 
Sb nuclei, atthough no experimental evidence exists as’ yet 
for such bands. The intermediate coupling model does not 
account for the permanent nuclear deformation which must 
exist if a rotational band is observed. Hence another type 
of model, most likely a microscopic CA UCuleTions must be 


used in order to explain the 9/2+ rotational band, and to 


investigate the possibility of other rotational bands. 


Comparison of the model predictions and present 
results with previous studies for a variety of reactions 
leads to a consistent picture of the structure of the low 
lying levels in the Sb isotopese As excitation energy 
increases, however, the structure can no longer be 


interpreted in terms of a simple model. 


Further experimental investigation of higher energy 
rotational bands in 121Spb and '423Sp would be of 


considerable interest, and hopefully will be undertaken. A 


study of the analogue reactions 123SpH( p, t )224Sb and 


121sp(t,p)!23Sb would atso be useful. The poor energy 


resolution noted in many of the previous charged particle 


experiments could be significantly improved if Y-ray- 


particle coincidence experiments were carried oute 


Forinstance, the energies ot “the Lowest) 1/2. gadis is 


mee could be measured with greater accuracy if heen s 
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particle emitted in the Te(t,a)Sb reaction was detected in 


coincidence with de-excitation Y-rayse 


Other experiments of theoretical interest which nay be 
feasible are the two proton transfer reactions 
11Srn( 7Li,p)t2'tSp and 4271 a4,&Li)!23Spb, and the three 


proton transfer reaction !16Cada(®Li,n)!21*Sbe 
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Appendix A 


In order to calculate theoretically any electro- 
magnetic observable, it is inevitably necessary to 
calculate the reduced transition matrix element 
KE CBS jail CANES) 5 Gud, where m(A) is any electromagnetic 
multipole operator. Many electromagnetic observables are 
proportional to the square of this number, and do not 
provide any information concerning the phase of the 
ecperatore A few observables, however, are proportional to 
the matrix element itself, and hence measure its phase as 
well as its amplitude. The Y-ray multipole mixing ratio § 
is an observable of this typee When comparing model 
calculations with experimental results for these 
observables, it is important to ensure that the phase of 
the multipole operator used ene model calculations is 


consistent with the phase of the operator used during the 


experimental analysise 


In the present study, the experimental measurements 
were analysed according to the phase convention of Rose and 


Brink ( RO67 )eo A derivation will therefore be made of the 


magnetic dipole and electric quadrupole operators, and of 


the Y-ray mixing ratio $, which corresponds to this phase 


conventione 


In the Long wavelength approximation, Rose and Brink 


define their magnetic and electric operators as 
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Fee \/ 
eS weikk,) As) (A-3) 
Coe ra yl aN 
‘ 2 
 \” = -C CON ( A-4) 
x 
me 
0 —> \ =n 
ee. = wos B K 2 Or one AS ( A-6 ) 
r+ | 
— \ 7 
pe 2a 8 UC Sh (a7) 
A+/ 
—r 
My Se ise is Cue one ( A-8) 
and Uy, Ni (A-9 ) 
24+) 
B = en (A-10) 
Amp 
Consider first the magnetic dipole operator Ty, -« It 


can be shown that? \ 
- =~ 
cca ‘Y= ee ails gies xT], ( A-11) 


where v is any vectore Thus equations A-7 and A-8 become 
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pe As [> an Tv CON Gee 5 


seg $23 Sa Gan-13) 


Noting that aT=k , 


es Te = p K (ga Ly ae ds Seo ( A-14) 


Now consider a nucleus with atomic weight A and Z 
protons, described by a vibrating core coupled to one 
extra-core nucleon. 

Bi ee peel da 492 Se ) 

bs Gore J 
PRC ees. » eee 
where the primed variables refer to nucleons in the core, 
and the unprimed variables refer to the extra nucleone 


This equation may be simplified by noting that 


\) 
Nn 
5 
Gee 
los 
ws 


/ + 4 / 
za Fa Le kes 


Cote Lore 
= A~16) 
29g Ks 
where R is the angular momentum of the coree 
: ae Bete Ried ( A-17) 
ow Tis rae AK C90 Lu ae oe at A 


In order to be consistent with other authors (He67), 
the magnetic dipole operator used in this study, N(ML a), 


is defined as 


Pr (M1, x > = De 
i a pi gals +4sSa + Inked. (A-18) 
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evaluating the electric quadrupole operator T2uy 
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A-3 it is obvious that 


rs 
oe & =k ; 
ys ( A-19) 


Therefore, substituting A-19 and A-5 back into A-2 yields 
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Returning to the case of a nucleus with a vibrating 
core and one extra-core proton Cgg=1), 


2 aire ae => Fe CCG Ss, (a/¢') 


al\\ gore 


Nucleons oh ct Vin le, p ) ’ 
( A~21 ) 


where the primed variables again refer to nucleons in the 
corey, and the unprimed variables refer to the extra-core 
protone The sum over the core nucleons may be Sep 8h8 54 
alternately as an integration over the core, 
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where P(r) is the charge density. For a vibrating core, 
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been kept. Thus, evaluating the integral in equation A-22 
and introducing the quadrupole phonon creation and 


annihilation operators defined in equation 4-9 of chapter 
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Substituting equations A-26 and A-21 back into equation Afr 
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Rose and Brink define the multipole mixing ratio for 


an E2/Mi transition from state E“%) to state ECP) as 


Ss (fis GET eal eee es (A-31) 
of SE Niel Ne 9B 4 pe 


Since under time reversal the Operators Tow transform as 
zi doa Dg 03 
S yn 2 = (—) cou: { A-32) 
it can easily be shown that 
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For completeness, equations for other electromagnetic 


observables used in this study are outlined belowe The 


magnetic dipole moment for a level E is defined as (He67) 


4YiT Cer mer| (Ml, IE 5I,M2z > (A-35) 
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moment is defined as 


Similarly, the electric quadrupole 


( He67 ) 
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Qs 4 CE 51 M2 ppweed AV e>T Mer ( A-37) 
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= of 1 16 Tt i) ats aan Gers ea eZ ges 
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In both equations A-36 and A-38 above the Clebsch-Gordon 


coefficients were evaluated using the Handbook of 


Mathmatical Functions (Ab64). 


In the long wavelength approximation, the transition 
prebability for a Y-rray transition of angular momentum L 


between states E©%) and ECB) is given py! 
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Appendix B 
Computing Details of the Programs CUPPLE3 and MOMENT 
Bel Ihe Program CUPPLE3 


CUPPLE3 is a FORTRAN IV computer program designed to 


carry out the intermediate coupling model calculations 
discussed in chapter IV of this thesise The format of this 
program is quite similar to that of the program CUPPLE-1 


(Gr73 de 


Input is read by this program from unit 5 and output 
is written, unless otherwise specified, on unit 6. Input 
data is read in the standard form 


READ( 5,100) IC,(DUM(J),J=1,7) 
100 FORMAT( 12, 8X, 7F10-0) 


where Ic is a control integer which specifies to the 
program which input parameters are contained on the 
remainder of the carde nerd 17 tists the various IC 
values and input parameters read by the programe ALL 


energy parameters are measured in MeVe 


One option available in CUPPLE3 permits results to be 


written, in a special format, to unit 7 as well as on unit 


66 This output is designed to be read by the program 


MOMENT e In the present version of CUPPLE3 only results for 
positive parity states, and only the eigenvectors for the 


lowest ten eigenstates in energy for each Spinsgvereexciiten 


to unit 7e 
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Table 17 


Input Cards for CUPPLE3 


IC DUM( J) NAME 
J = ? 


a a 
—— a 


REMARKS 


~1 - = 


Causes program to Stope 


6) - - Ignored 
O1 = - The remainder of this card is ignored. 
The program then expects a card 
containing a descriptive TITLE in (20A4) 
format. 
02 1 NFONON Number of quadrupole phonons. 


(0 & NFONON ¢ 3) 
2 EFONON Energy of quadrupole phonons. 


3 NOCTF Number of octupcecle phonons. 
(0 < NOCTF < 2) 


4 EOCTF Energy of octupole phonons. 


5 IPAR Parity of states for which calculations 
will be done. 


03 1 NPART Number to particle orbitals. 
(0 ¢ NPART ¢ 5) 


#2 NHOLE Number of hole orbitalse 
(0 ¢ NHOLE ¢ 5) 
(NPART + NHOLE 2 1) 


3 GPAIR Pairing interaction energy Gpair « 


4 IWHICH =0 Do calculations for single-particle 
and two-particle-one-hole states. 


=1 Do calculations for single-hote and 
two-hole-one-particle statese 


Fe tee 
_—-—————<——— errr 
Following the O03 card, the program 


expects to read NPART data cards with 
1C=0, and NHOLE data cards with I[C=1, 
containing the following information for 


each orbitale 
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IC DUM¢ J) 


Af f= 


NAME 


P27 


REMARKS 


00 i 

or 

01 
2 
3 
4 

04 1 
Z 
3 
4 
5 
6 

0s 1 
2 


N1( 1) 
or 
NH1i( I ) 
PARTL(I ) 
or 
HOLEL( I) 
PARTJC(I) 
or 
HOLEJ( TI ) 
PARTE(CT ) 


or 
HOLEE([I ) 


XIMIN 


XISTP 


XIMAX 


XIQSMIN 


XI3STP 


XI 3MAX 


LPUNCH 


LFULLI 


The radial quantum number nie 


The orbital angular momentum aeog 


The total angular momentum ace 


The single-particle (-hole) energy E35 
(Si )- 


This series of orbital information cards 
in terminated by a card with IC=-1. 


AS De ee oe 
Minimum value of Soe 
Increment for stepping Ese 
Maximum value of 552. 
Minimum value of t3-. 
Increment for stepping Bae 
Maximum value for §&3. 
To do calculations for onty one value of 
XI (X13) set XISTP = 0 (XISSTP = 0) and 
XIMIN = XIMAX (XIGMIN = XIGMAX). 
=1 Write ouput to unit 7 as well as 


unit 6+. The output in unit 7 is: “ing a 
special format readible by the computer 


program MOMENT. 
=0 Suppress extra output. 


Should always equal O- Lf. “LEULL1 >..0 
then an extensive printout is generated. 
This facility was useful when writing 


the programe 
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07 


08 


09 
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fi 


NAME 


LCOEFF 


KMSTRT 


MAXDIA 


MAXRNK 


NSTOP 


NSPIN 


RSPIN(1) 


RSPIN(2 ) 


NENG 


EMAX( 1 ) 


EMAX( 2) 


LS Seer ey 
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REMARKS 


SO LS IE SS EY 


=1 Print eigenvalues and eigenvectors. 
=O Print only eigenvalues. 


Only used of LPUNCH = 1. The starting 
ID number for ouput written to unit 7. 
Subsequent sets are numbered 
sequentially. 


Maximum number of diagonalizationse 
Maximum matrix rank (<75 }e 


The maximum number of eigenstates for 
which output will be printed on unit 6. 
Eigenstates are printed in ascending 
order of eigenvalue six to a line, and 
hence NSTOP is always rounded up to the 
next multiple of sixe In order to print 
results for all eigenstates set 
NSTOP < Qe 

NOTES NSTOP does not effect the output 
to unit 7. 


Not usede Ignored. 


Number of total spin I vatues for which 
calculations wiltl be donee 
(1 ¢ NSPIN < 6) 


First I valuee 


Second I valtluee 
etce 


Number of maximum cutoff energies to be 
givene NENG must equal NSPIN. 


Upper energy cutoff for tlevels with 
RSPIN( 1). 


Upper energy cutoff for levels with 


RSPIN(2)-« 
etce 


Not usede Ignorede 
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Ic DUM(J) NAME REMARKS 
J = ? 


SO SS SS AT 
10 - = End inpute Current input parameters are 


checked for errors and, if mone are 
found, calculation begins. 
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Be2 The Program MOMENT 


MOMENT is @&@ FORTRAN IV computer program designed to 


calculate various electromagnetic observables using as 


input the energy level eigenvectors calculated by CUPPLE3. 
The formulae used by MOMENT are discussed in chapter IV and 


appendix A of this thesis. 


Input to MOMENT comes both from units 7 and 5, while 
output is through unit 6. MOMENT first reads the CUPPLE3 
results from unit 7, and then reads all other input from 
unit Se Input from unit 5 is identical in format to that 
used in the CUPPLE3 calculations and described above. 
Table 18 lists the various IC values and input parameters 
read by the programe ALL energy parameters are measured in 


MeVe 


The IC = 04 to 08 cards each initiate the calculation 
of a particular electromagnetic observables. The 04 and O05 
cards calculate magnetic dipole and electric quadrupole 


moments resectively, while the 06 and 07 cards are used to 


calculate Y-ray mixing and branching ratios respectively. 


The O08 card calculates B(E2) values for specified 


transitionse After reading one of these cards or, in the 


case of a branching ratio calculation, 4 set of cards, the 


program calculates the required observable, prints the 


d 
result, and then returns to read the next input carde 
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Table 18 


Input Cards for MOMENT 


REMARKS 


LT LIS 


Causes program to stope 


Ignored 


The program immediately prints out all 
the parameters’ read from the CUPPLE3 
output. These include the quadrupole 
phonon energy and coupling strength 
parmeter, and the eigenvectors’ for the 
first ten eigenstates of each spine 


Atomic number Z of nucleus. 
Atomic weight A of nucleus. 

Radial parameter ke 

Spin ge factor. 

Core g factore 

Orbital angular momentum g factor. 
Total alee momentum of level. 


Level number’ relative to other levels 
with angular momentum SPINIe (See text 
for explanatione ) 


The program now calculates and prints 
the magnetic dipole moment for this 


level. 
Total angular momentum of level. 


Level number relative to other Levels 
with angular momentum SPINI. 


The program now calculates and prints 


the electric quadrupole moment for this 


Levele 


Total angular momentum of the initial 


level in a Yr-ray transitione 
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J = ? 
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3 SPINF 

4 JSPF 

5 EGAMMA 
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2 JSPI 
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2 MSPFC(I ) 
3 XGAM(T) 
if SPINI 
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REMARKS 


Level number relative to other levels 
with angular momentum SPINI. 


Total angular momentum of the final 
level in a Yrray transition. 


Levelt number relative to other levels 
with angular momentum SPINF. 


Energy of Y-raye 


The program now calculates and prints 
the Y-ray multipole mixing ratio for an 
E2/M1 transition between these two 
Levels. 


Total angular momentum of ae level 
decaying via Y-ray emission. 


Levet number relative to other levels 
with angular momentum SPINI. 


The number of branches through which 
this level can decay. 
(NBR ¢ 10) 


The program now expects to read NBR 
cards with IC=0 containing the following 
information about the final levels in 
the various Y-ray branchesSe 


Total angular momentum of the I‘th final 
statee 


Level number relative to other levels 
with angular momentum XSPF(I)-. 


Energy of I'th Yrray transitione 
After reading NBR cards, the program 
calculates and prints’ the branching 


ratios for the specified transitionse 


Total angular momentum of initial tevel 


in transitione 
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Level number relative to other levels 
with angular momentum SPINI. 


Total angular momentum of final level in 
transitione 


Level number relative to other levels 
with angular momentum SPINF. 


The program now calculates and prints 
the BC E2) value for a transition between 
these two levelse 
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cards by two parameters, the level spin and level number. 


The tevel number refers to the position of a state with 


respect to other states of the same spin; level 1 is the 


lowest level of a particular spiny, level 2 the second 


Lowest level of that spiny etce Experimental Y-ray 


energies are used for transitions between states. 
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